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Fuel cells are electrochemical devices that combine hydrogen and oxygen from air to 
produce electric current, with water and heat as the main co-products. The management of 
liquid water from either the internal chemical reactions or externally humidified reactants 
is an important design consideration for proton exchange membrane (PEM) fuel cells 
because of the effects on both cell performance and durability. To achieve proper water 
management, significant effort has been devoted to developing new fuel cell materials, 
hardware designs, and appropriate stack operating conditions. However, water 
management in the region of the channel-to-manifold interfaces has received limited 
attention. This region covers the ends of the bipolar plate from where liquid water exits the 
active area to the entrance of the stack exhaust manifolds where excess reactant flows from 
individual cells are combined and leave the stack. For practical applications, especially in 
the anode flow field, there is a small driving force to expel liquid water in this region. 
Under severe operating conditions such as freezing temperatures, the buildup of water may 
cause channel-scale blockage. This work investigated the water management of PEM fuel 
cells in the flow field by both ex-situ experiments and in-situ neutron imaging technique 
v 
 
to provide a comprehensive two-phase transport model and propose a water mitigation 
strategy by flow field surface modification method. The results demonstrate the effects of 
small variations in cell temperature on water accumulation, which translate into significant 
changes in cell voltage under some conditions. This water can also influence the pressure 
drop across both anode and cathode flow fields, and it was found that a small amount of 
water flow can significantly affect the differential pressure, but further increases in water 
flux appeared to have an incrementally smaller influence. Additionally, the ex-situ 
experiments also investigated the water distribution of the inlet non-active area, active area, 
and outlet non-active area, which confirmed the significance of water management in the 
channel-to-manifold region. A new empirical correlation was developed to characterize the 
variation of two-phase friction multiplier (i.e., ratio of two-phase to single-phase ΔP) with 
gas and liquid flow rates. In cases where water accumulates in the non-active cell region 
downstream of the active area, it was determined that hydrophilic bipolar plate coating was 
effective in reducing or eliminating full-channel water blockages, thus minimizing the 
start-up time and energy under freezing conditions. The novel research contributions from 
this part of the dissertation research include: 
 Assessed PEM fuel cell water management behavior in the low non-freezing 
temperature range (200C to 400C), which significantly affects the reliability and 
durability of PEM fuel systems, but has received very little attention in the literature. 
 Analyzed water management in the non-active region of the bipolar plate, which 
not only affects the channel-to-channel water distribution within the fuel cell flow 
field, but also the cell-to-cell water distribution in a fuel cell stack. This research 
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concluded that water management should focus on the anode side, especially in the 
outlet channel-to-manifold region. 
 Quantified the water content in a PEM fuel cell flow field using measurements of 
channel two-phase flow quality and differential pressure. The two-phase transport 
model developed in this research is capable of quantifying the water volume in 
PEM fuel cell flow field, and the results showed good agreement with neutron 
imaging data. 
 Evaluated the water mitigation effectiveness of PEM fuel cell for various surface 
energy modification locations, and concluded for the first time that only one 
hydrophilic coated channel in the anode channel-to-manifold transition could 
substantially facilitate the fuel cell cold start-up process.  
 
In addition, there is a significant global activity in assessing and optimizing distributed 
energy systems in so-called “microgrid” architectures, which in principle enable operation 
completely independent of the primary electrical grid. A shortcoming of such an approach 
is that many renewable energy systems are intermittent by nature, and thus supply and 
demand are often out of phase. This necessitates the implementation of energy storage, but 
few options exist for cost-effective, large-scale storage. One attractive alternative is to use 
hydrogen as an energy storage medium, because it offers the possibility for storage at 
relatively high volumetric density, and hydrogen is readily utilized in various energy 
applications of immediate interest in large product distribution centers. The dissertation 
work explored the economic impact of PEM fuel cell material handling equipment (MHE) 
with comparison to the conventional lead acid battery MHE and the emerging lithium-ion 
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battery MHE. Using data obtained directly from large product distribution centers, it was 
determined that fuel cells are the low-cost option in installations with large MHE vehicle 
fleets, multi-shift facilities, and relatively high grid electricity costs. The novel 
contributions of this analysis stem from it being the first to consider lithium-ion batteries 
with lead acid batteries and fuel cells as competing MHE propulsion technologies. 
Moreover, it is the only known study to date to account for the time value of money in the 
economic analysis, and to consider the target facility fleet configuration using data acquired 
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1. Introduction and Background 
1.1. Introduction 
The use of fossil fuels for power has resulted in many negative consequences, including 
severe pollution, extensive mining of the world’s resources, and political control and 
domination of countries that have vast resources. As a result, the effects of atmospheric 
carbon emissions on global climate change are increasingly apparent, and expected to 
worsen with rapid depletion of fossil fuel reserves. People all around the world are paying 
more and more attention to the concept of sustainability, which refers to development that 
meets current needs without compromising the ability of future generations to respond to 
their demands. In the area of energy systems, sustainable development focuses on 
improving the quality of life for all of the Earth’s citizens by developing highly efficient 
energy devices and utilization systems that are cleaner and more environmentally friendly. 
Energy source (energy production) and utilization (energy consumption) systems are both 
critical components in achieving long-term energy system sustainability.   
 
Energy source: Renewable or alternative energy technology can be a feasible and 
sustainable option that provides clean energy while meeting power production 
requirements. In comparison with traditional fossil fuel based internal combustion 
technology, renewable energy is entirely free from the point view of the primary energy 
resource itself, as it comes from the sun, wind, water, plants, and even wastes. Additionally, 
renewable energy will never run out, because it is replenished continuously meaning there 
is no shortage of renewable energy as long as the sun exists [1]. Most importantly, 
renewable energy causes very little damage to the environment. In many cases, there are 
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substantial reductions in carbon dioxide emissions to the atmosphere while using 
renewable energy, thus minimizing contributions to the global greenhouse effect. 
 
Utilization system: Since humans learned how to use fire, until the beginning of the 19th 
century, wood was the primary source of energy. Along with the development progress of 
human society, energy sources evolved from wood through coal and oil to natural gas. The 
evolution of energy sources is the progress of decreasing carbon-to-hydrogen ratio in fuels 
(wood 10:1, coal 1~2:1, oil 1:2, and natural gas 1:4). The reason is quite straightforward 
that a fuel containing more carbon atoms produces more carbon dioxide upon combustion, 
or energy conversion that contributes to the greenhouse gas effect. Therefore, hydrogen 
and biofuels have drawn tremendous attention from scientists and environmentalists 
because of their low carbon-to-hydrogen ratios that produce little or zero emissions to the 
environment. However, hydrogen and biofuels are not energy sources such as fossil fuels 
but energy carriers. Neither hydrogen nor bio-fuels exist in nature, and they come from 
energy sources.  
 
Hydrogen is the most abundant elements in the universe and is estimated to make up about 
90% of all atoms, equivalent to three-quarters of the mass of Earth [2]. Hydrogen is the 
simplest and lightest element that occurs naturally. Elemental hydrogen exists at ambient 
conditions as a colorless, odorless, and tasteless gas composed of diatomic molecules. 
Besides, hydrogen is non-toxic, but it can cause asphyxiation by displacing oxygen in the 
air. The highest energy density by weight and zero emission to the environment make 
hydrogen a promising alternative to fossil fuels in the future. Fuel cells are electrochemical 
3 
 
devices fueled with hydrogen that directly convert chemical energy into electricity at a 
higher conversion efficiency than conventional internal combustion processes while 
producing low or zero emissions to the environment. 
 
1.2. History and fundamentals of fuel cells 
Sir William Robert Grove (1811-1896), known as the “father of the fuel cell,”  first 
developed the concept for fuel cells in 1842 [3]. He got inspiration from the process of 
using electricity to split water into hydrogen and oxygen, which British scientists William 
Nicholson and Anthony Carlisle discovered in 1800. With the hypothesis that the reverse 
chemical reaction of water electrolysis would also work, Grove developed the first wet-
cell battery (or gas battery), which was the original fuel cell prototype. Then in 1893, 
Friedrich Wilhelm Ostwald, a founder of the field of physical chemistry, experimentally 
identified the essential components inside a fuel cell: electrodes, electrolyte, reactants, 
anions, and cations. Friedrich’s work had revealed the fundamental working principle of 
fuel cells and provided the theoretical basis for fuel cell research activities [4]. 
 
Fuel cells are electrochemical devices that convert chemical energy into electricity. Though 
named “wet-cell battery” or “gas battery,” fuel cells are significantly different from 
batteries. Batteries are storage devices that store energy from externally supplied electricity, 
while fuel cells are generation devices that convert chemical energy stored in hydrogen to 
produce electricity. Batteries have limited energy density due to their capacity, and fuel 
cells can continuously generate power as long as there is a fuel supply with oxygen. 
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Additionally, fuel cell systems can provide a similar energy output to battery systems with 
a much smaller system weight and volume (see  
Table 1).  
 
Table 1 Comparison of typical fuel cell and battery system characteristics [5] 
 Weight Energy Volume 
PEM Fuel cell 4.3 kg 2190 Whr 4.0 L 
Zinc-air cell 8.4 kg 2620 Whr 9.0 L 
Other battery types 10.9 kg 2200 Whr 9.5 L 
 
In recent decades, fuel cells have become attractive power generation devices because they 
meet the requirements for sustainable development while also having the ability to fulfill 
global power demand. There are five common types of fuel cells that distinguished by the 
electrolyte materials (Table 2). In comparison with conventional internal combustion 
power systems, fuel cell systems feature significant advantages [5]: high energy conversion 
efficiency, quiet and scalable system design, and little or zero impact on the environment.  
 































                                                 
































































On the other hand, fuel cells are facing challenges and barriers before large-scale 
commercialization. Firstly, the capital cost of fuel cells is higher than their competitors due 
to the demand for expensive materials to synthesize catalysts and electrolytes. Also, the 
associated fuel reformation, storage, and transport technologies can be costly and energy 
intensive at their current status. Secondly, the durability of fuel cells is still under 
improvement, with catalyst degradation and electrolyte poisoning known to negatively 
affect the performance and lifespan of fuel cells.  
 
In this dissertation work, the research object is Proton Exchange Membrane Fuel Cell 
(PEMFC), which traditionally uses hydrogen with oxygen as the fuel. As compared to other 
types of fuel cells, PEMFC has a relatively lower operational temperature (under 100 ºC), 
higher power density, as well as the ability to respond quickly to transient power. Besides, 
PEMFC can be scalable to produce power from a fraction of a watt to hundreds of kilowatts. 
It can fit in a broad range of applications, from mobile devices through electric vehicles to 
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stationary power systems. All these characteristics make PEMFCs a competitive power 
system to conventional internal combustion engines and battery systems. 
 
A PEM fuel cell consists of three primary components: an oxidation reaction electrode 
(anode), a reduction reaction electrode (cathode), and a membrane electrode assembly 
(MEA). The membrane electrode assembly is a multi-layer structure: the electrolyte 
membrane is at the center of the device with a catalyst layer on both sides, and then the gas 




Figure 1 Schematic structure of a PEM fuel cell 
 
Figure 1 demonstrates the structure a PEM fuel cell as well as the working principle. The 
bipolar plate serves as the current collector and reactant flow field, and the channel 
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dimension and design can significantly affect the distribution of reactants and products. 
The gas diffusion layer distributes the reactant to the catalyst layer for oxidation reaction 
at the anode and reduction reaction at the cathode, respectively. It also provides the 
mechanical support for MEA [7] while helping with the water management [8]. The 
electrolyte membrane separates the anode and cathode reactants from each side but only 
allows protons to go through. The hydrogen is oxidized at the anode to form protons and 
electrons while oxygen is reduced at the cathode to form negatively charged oxygen ions. 
The molecules cannot stay in an ionic state; they will return to the neutral state by 
recombination. Thus, the positively charged protons go through the electrolyte membrane 
with the help of water to arrive at the cathode side and combine with the negatively charged 
oxygen ions to form water. The released electrons cannot pass through the internal 
electrolyte membrane; they have to move via the external circuit. The directional 
movement of electrons between the anode and cathode generates electrical current. The 




Anode: 2 2 2H H e





O H e H O     
(Eq. 2) 
Overall: 2 2 2
1
2
H O H O electricity heat     
(Eq. 3) 
 
Figure 2 shows the typical polarization curve of a PEM fuel cell. The ideal voltage is 
defined by the Nernst potential at the standard conditions (101 kPa and 25 ºC). It is 1.229 
V with liquid water product and 1.18 V with gaseous water product [4]. However, the 
actual voltage of a fuel cell is lower than the theoretical result mainly due to the activation 
loss, internal resistance loss, and concentration loss: 
 
 Activation loss is caused by the slow reaction kinetics of catalytic progress, mostly 
attributed to the cathodic oxygen reduction reaction. 
 Internal resistance loss represents the consumption of energy by internal resistance. 
 Concentration loss results from insufficient fuel supply at the catalyst layer.  
 
Besides the three primary losses, fuel crossover and internal currents can also significantly 





Figure 2 Typical PEMFC polarization curve 
 
PEM fuel cell is a promising power source for transportation application compared with 
other types of fuel cells, because it causes little impact on the environment while satisfying 
the power requirement with high power density and excellent dynamic characteristics. 
Besides, PEM fuel cell can also function as a distributed or stationary power generator and 
backup power system. In recent decades, governments and the research community are 
more concerned with sustainable development and realize that the development of PEM 
fuel cell plays a significant role in alleviating both the energy crisis and environment issues. 
However, cost and durability are always the primary challenges for PEM fuel cell. Also, 
system size, weight, thermal and water management in various applications are still under 
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development. The following technical hurdles significantly affect a PEM fuel cell system 
according to DOE’s hydrogen fuel cell program report [9]: 
 
1. Cost: the most expensive component of a PEM fuel cell is the membrane 
electrode assembly (MEA). Decreasing the loading of platinum or exploring 
inexpensive alternatives without compromising the fuel cell’s profile is 
currently the leading research objective. On the other hand, improving the 
performance and efficiency of PEM fuel cells could also help with reducing the 
maintenance and operating costs. According to DOE’s latest report, the capital 
cost of PEM fuel cell systems for transportation applications has decreased from 
$124/kWe in 2006 to $55/kWe in 2013. The target was set to reach $40/kWe by 
2020, and ultimately meet the goal of $30/kWe [10]. 
2. Durability and reliability: the 2020 durability goal of PEM fuel cells is 5,000 
hours for automotive applications and 40,000 hours for stationary applications. 
In addition, PEM fuel cell should be capable of successfully starting from 
subfreezing conditions (starts from indefinite cold-soak at -20ºC and survives 
from -40 ºC for automotive applications and -35 ºC to 40 ºC for stationary 
applications). According to the DOE’s latest presentation [11], the durability of 
PEM fuel cell for automotive applications has reached 3,600 hours from 
laboratory data.  
3. System size: the weight and size of fuel cell systems must meet the packaging 
requirement for applications. 
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4. Air, thermal and water management: the performance, durability, and reliability 
of PEM fuel cell depend on these conditions. A small variation can have a 
significant influence on the fuel cell performance. 
 
1.3. Dissertation motivation and outline 
The solid-state structure, quick response to changing power demands, and low operation 
temperature (~80 ºC) make proton exchange membrane (PEM) fuel cell the most popular 
prototype for automotive applications. The management of liquid water from either internal 
chemical reactions or external humidified reactants is always a top research priority 
because it is inextricably linked to a PEM fuel cell’s performance and durability. 
Tremendous efforts have been applied to developing PEM fuel cell materials, hardware 
designs, and operating conditions to achieve proper water management. However, due to 
the poor understanding of two-phase transport in PEM fuel cell micro channels, there is a 
need to investigate the relationship between the channel properties and the water transport 
behavior. Furthermore, water management at the region of the channel-to-manifold 
interface has received limited attention. This region covers the end of the bipolar plate from 
where liquid water exits the fuel cell active area, and the entrance of stack exhaust manifold 
where excess reactant flows from individual cells is combined to exit the stack. For 
practical applications, because of the consumption of gas reactants (especially on the 
anode), there is small driving force to expel liquid water from this part of the fuel cell. 
Under severe operating conditions such as cold weather and freezing temperatures, the 
accumulated water could form ice layers that limit or even inhibit the internal chemical 
reaction. In other words, the ice layer builds additional flow resistance and can lead to 
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carbon electrode corrosion under severe anode starvation conditions. Understanding the 
gas and liquid two-phase flow behavior is key to understanding how water accumulates at 
the non-active outlet area as well as the channel-to-manifold interface, and how water 
transport can be controlled in the absence of significant gas momentum. This dissertation 
aims to analyze the two-phase transport behavior in an operating PEM fuel cell to quantify 
the accumulated liquid water within flow field and provide potential water mitigation 
strategies.  
 
Another aspect of this dissertation work focused on the comparison of economic impact of 
upgrading material handling equipment in a product distribution center via conversion to 
battery or fuel cell systems.  Efforts to reduce greenhouse gas emissions must address the 
impact of buildings and industrial facilities, as they contribute approximately 25% of total 
emissions in the U.S. Many multi-national corporations have established aggressive targets 
for reducing their GHG impact, and are moving toward implementing sustainable energy 
technologies which offer environmental benefits relative to incumbent technologies based 
on fossil hydrocarbon combustion.  
 
PEM fuel cells can potentially replace fossil energy systems because of the much higher 
efficiencies attained by electrochemical conversion. Moreover, hydrogen fuel can be 
derived from a number of renewable pathways, including solar and wind. One of the most 
promising applications for PEM fuel cell technologies is material handling equipment 
(MHE), including forklifts, pallet jacks and related vehicle used in large product 
distribution centers. Because the incumbent lead-acid battery-powered equipment is 
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expensive and cumbersome to deploy, PEM fuel cell-based MHE is now considered as a 
commercially viable alternative. This part of dissertation work focused on analyzing the 
economic impact of converting traditional lead-acid battery MHE to PEM fuel cell 
powered MHE for large distribution centers. Both PEM fuel cell and lithium-ion battery 
systems possess advanced performance and enhanced durability over lead-acid battery 
systems, but lead-acid batteries still dominate the MHE market. The main reason is most 
decision-makers still believe that lead-acid batteries are the low cost choice for MHE 
applications. NREL (National Renewable Energy Laboratory) published their study [12] 
on the PEM fuel cell MHE in terms of the total cost of ownership to demonstrate its 
economic viability, and lithium-ion MHE battery manufacturers also claimed their product 
can be economically competitive with the lead-acid battery in long-term operation. 
However, there might be confidentiality reasons that neither NREL nor lithium-ion battery 
manufacturers have provided detailed information about their methodologies. Further, their 
research results gave a more general comparison to lead-acid battery MHE and might not 
be a good representative for all situations. The primary purpose of this part of the 
dissertation work is to evaluate the economic impacts between traditional lead-acid battery 
MHE systems and alternative MHE solutions to provide a reference for decision-makers 
and help to explore the latest technology in the area of MHE applications. The core of this 
analysis is to develop a comprehensive model that can be used to identify the essential cost 
elements and estimated total cost of ownership by “best practice” data from industry for all 
the three MHE power sources: lead-acid battery, lithium-ion battery, and fuel cell.  
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There are five chapters in this dissertation work: 
Chapter 1 provides background information on fuel cell technology in terms of 
fundamental working principle, challenges, and current research status. In addition, this 
chapter summarizes the motivations of the dissertation research. 
Chapter 2 explores the gas and liquid two-phase transport behavior of PEM fuel cells by 
ex-situ experiments and investigates the PEM fuel cell performance under low-temperature 
operation by in-situ neutron radiograph techniques. 
Chapter 3 presents a comprehensive gas and liquid two-phase transport model that was 
developed by both ex-situ and in-situ experiments. Additionally, this chapter describes 
advanced water mitigation strategies for channel-to-manifold transitions of PEM fuel cells, 
developed through ex-situ freeze/thaw experiments. 
Chapter 4 evaluates the economic impact of PEM fuel cells in material handling equipment 
deployed at large product distribution centers, with comparison to conventional lead-acid 
battery systems and another emerging technology, lithium-ion batteries. 
Chapter 5 summarizes all the findings and provides suggestions for future work. 
To complement the main chapters, additional data and discussion are provided in the 
Appendices: 
Appendix A:  Raw data associated with figures presented in main text. 
Appendix B:  In-situ neutron radiography imaging experimental protocols and 
representative images 
Appendix C:  Raw data for water volume model (Chapter 3) 
Appendix D:  Notes from product distribution center facility visit (January 22, 2015) 
Appendix E: Raw data and results for MHE analysis (Chapter 4)  
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2. Two-phase flow behavior of PEM fuel cells at low operating temperature 
2.1. Introduction 
As the effects of carbon emissions into the atmosphere on global climate change gets worse 
along with rapid depletion of fossil fuel reserves, renewable energy technology has been 
considered as a feasible and sustainable solution that provides clean energy while meeting 
the power requirements of various applications. Because conventional fossil fuels contain 
more carbon, resulting in producing more carbon dioxide which contributes to the 
greenhouse gas effect, hydrogen and bio-fuels have drawn tremendous attention from 
scientists and environmentalists and have been set as the next generation energy sources 
because of their low carbon to hydrogen ratio. Fuel cells are electrochemical devices fueled 
with hydrogen and bio-fuels that directly convert the chemical energy stored in these 
carriers into electricity at higher conversion efficiency and produce low or even no 
emissions to the environment.   
 
Among various types of fuel cells, proton exchange membrane fuel cell is the most 
promising energy system, especially for automotive applications, due to the features of 
solid-state structure, quick response to the changing power demands, and low operation 
temperature (~80 ºC) [5, 8]. The management of liquid water from either internal chemical 
reactions or external humidified reactants has always been a top of research objective 
because it is inextricably link to a PEM fuel cell’s performance and longevity [13-16]. 
Insufficient water causes dehydration of the proton conducting membrane that results in 
unstable voltage at low current density and also contributes to maldistribution of current 
density. On the other hand, excess water present in the cell may block the flow field where 
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chemical reactions take place; the consequences include poor performance due to 
starvation of reactants and decreased reliability because of corrosion of carbon electrodes. 
Thus, water management has become one of the most critical issues in PEM fuel cell 
technology, and tremendous efforts have been spent on cell materials, hardware designs, 
and operating conditions to optimize water management [17-23]. Proper water 
management should meet two requirements:  1. adequate membrane hydration to ensure 
the transport of protons and to prevent membrane dehydration; 2. avoidance of excess 
water to provide unclogged channels for gas phase reactants and to avoid “flooding” of the 
electrodes. It has been recognized that the performance of PEM fuel cells is proportional 
to the cathode performance due to the slow kinetics of the oxygen reduction reaction, as 
well as mass transport limitation imposed by excess water. Many water management 
strategies have been applied to optimize PEMFCs’ cathode performance [24-26]. In 
addition to that, various techniques have also been employed to study the water transport 
in gas diffusion layers and manifold flow channels within PEM fuel cells [27-30]. 
 
2.2. Literature review 
Water management has become one of the most critical issues in PEM fuel cell technology, 
and tremendous efforts have been spent on research related to cell materials, hardware 
designs, and operating conditions to optimize water management [17-23]. Proper water 
management should meet two requirements:  1. adequate membrane hydration to ensure 
the transport of protons and to prevent membrane dehydration; 2. avoidance of excess 
water to provide unclogged channels for gas phase reactants and to avoid “flooding” of the 
electrodes. It has been recognized that the performance of PEM fuel cells is proportional 
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to the cathode performance due to the slow kinetics of the oxygen reduction reaction, as 
well as mass transport limitation imposed by excess water. Many water management 
strategies have been applied to optimize PEMFCs’ cathode performance [24-26]. In 
addition, various techniques have also been employed to study the water transport in gas 
diffusion layers and flow field channels within PEM fuel cells [27-30]. 
 
To address water management in PEMFC stacks, many researchers have investigated 
achieving uniform water distribution with the strategy of maintaining uniform cell voltage 
in the stack [31-34]. Additionally, there have been studies to assess differences in 
performance of “U” and “Z” manifolds [35-37]. It has been well-documented that the U-
type manifold arrangement, in which the inlet and outlet pipes are on the same side of the 
stack, gives the best flow distribution and this configuration was used throughout the 
current project. Representative literature on flow behavior in fuel cell stack manifolds is 
summarized in Table 3. 
 
Table 3 Survey of representative literature on fuel cell manifold transport 
Authors Geometry Comments 
Koh et al. (2003) 
[38] 
U- and Z-type manifolds in 
100-cell molten carbonate 
stack with 1.2 mm deep 
channels. 
Modeling study of cell-to-cell 
flow distribution using 
relatively simple analytical 
method. 
McGarry and Grega 
(2006) [39] 
U-type manifold in 25-cell 
stack 
CFD study of flow 
distribution and velocity 
profiles 
Friedl et al. (2008) 
[40] 
4 or 5-cell 25 cm2 PEM stacks 
with different internal 
manifold configurations 
Measured individual cell 
performances for various 
manifold configurations and 
different stoichiometric ratios. 
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Bi et al. (2009) [41] 
Up to 40-cell planar solid 
oxide stack with 100 cm2 
active area and 4.5 mm wide 
x 1.5 mm deep channels 
CFD analysis of cell-to-cell 
flow distribution. Studied the 
effect of geometric parameter 
α (= inlet manifold 
width/outlet manifold width) 
on flow uniformity. 
Bi et al. (2010) [42] 
Method applied to anode and 
cathode side of an operating 
stack; no geometry details 
provided 
Inlet gas flow distributor 
suppresses flow 
maldistribution in the case of 
two-phase channel flow 
Lebæk et al. (2010a) 
[33] 
Cathode manifold of 
simulated 70-cell PEMFC 
stack with nominal output 
power of 3.5 kW 
CFD analysis and particle 
image velocimetry (PIV) 
measurements of individual 
channel velocities for 
different inlet piping 
configurations. 
Lebæk et al. (2010b) 
[34] 
U- and Z-type cathode 
manifolds of simulated 70-
cell PEMFC stacks 
Measured flow distribution 
across cells via orifice ∆P 
measurements at inlet 
Sekine et al. (2010) 
[43] 
4-cell stack with 25 cm2 
active area and single 1 mm 
square serpentine channel 
Cell-to-cell flow distribution 
based on electrochemical 
method involving 
measurement of limiting 
current 
 
There are several visualization techniques used to investigate the water transport in a PEM 
fuel cell such as nuclear magnetic resonance (NMR) imaging, neutron radiograph imaging, 
and direct optical photography [44]. The neutron radiograph imaging technique has been 
proven to be particularly useful and effective for PEM fuel cells [45, 46], because the 
neutron beams can easily go through common PEM fuel cell materials but are significantly 
attenuated by hydrogen-containing compounds, especially liquid water. Iranzo et al. [47] 
investigated the liquid water distribution in a PEM fuel cell and found that channel water 
only exists at the cathode active area due to the balance between gravity and gas flow 
momentum.  Tsushima et al. [48] explored the water transport behavior in PEM fuel celsl 
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via neutron imaging technique and claimed that an approach combining both in-situ 
visualization and ex-situ characterization is vital for such investigations. Gao et al. [49] 
studied the water transport in a GDL during water drainage and found the flow field plays 
a significant role in water distribution in the GDL. Additionally, they also observed that 
water flows through a single pathway once liquid water breakthrough is reached. Mishler 
et al. [50] presented a neutron imaging study of PEM fuel cells to quantify the water content 
between flow field channel and land areas. Their results indicated that the liquid water 
accumulated towards the downstream end of the flow flied at low humidity and the highest 
water content occurred at a low current density. Geiger et al. [51] performed neutron 
imaging to study the gas-liquid distribution in both PEMFCs and direct methanol fuel cells 
(DMFCs) during the start-up and shut-down process. They observed that the liquid water 
was mainly retained in the bottom part of the anode flow field after the fuel cell shut-down 
procedure. Zhang et al. [52] investigated the formation of liquid water in both industrial 
and laboratory-size fuel cells. The results from their study pointed out that the 
characteristics of gas diffusion layer material significantly affect the liquid water 
accumulation behavior and electrochemical performance. 
 
2.3. Statement of research 
Despite the breadth of prior research, water management at the region of the channel-to-
manifold interfaces has received limited attention. This region covers the portion of the 
bipolar plate from the edge of the active area to the entrance of the stack exhaust manifold 
where excess reactant flows from individual cells are combined. For practical applications, 
in the region of channel-to-manifold interface, because of the consumption of gas reactants 
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especially on the anode, there is a small driving force to expel liquid water. Under severe 
operating conditions such as cold weather and freezing temperatures, the buildup of water 
could form ice layers that limit or even inhibit the internal chemical reactions. In other 
words, the ice layer builds additional barriers and leads to carbon electrode corrosion under 
severe anode starvation conditions. Understanding the gas and liquid two-phase flow 
behavior is the key to investigating how water accumulates in the non-active outlet area as 
well as the channel-to-manifold interface, and how water transport can be controlled in the 
absence of significant gas momentum. In addition, the water management of PEM fuel 
cells under low temperature non-freezing conditions, especially for 200C to 400C, has not 
been investigated in the open literature, which is the essential transition temperature during 
PEM fuel cell system start-up and shut-down. The water transport behavior under these 
transition temperatures can significantly affect the reliability and durability of PEM fuel 
cell systems. 
 
In this dissertation work, both neutron imaging and ex-situ two-phase flow experiments 
were conducted as part of a multi-year research program funded by the U.S. Department 
of Energy [53]. The ex-situ technique involved a PEM fuel cell testing rig that measured 
the two-phase pressure drops with controlled channel attendants (water and air flows); On 
the other hand, the neutron radiograph imaging experiment served as our in-situ technique 
that quantified the characteristics of water transport in a real-world PEM fuel cell. This part 
of the dissertation research filled the knowledge gap that no one has studied the water 




2.4. Investigation of PEM fuel cell performance under low temperature operation 
2.4.1. Neutron imaging experiment design and procedure 
The underlying principle of neutron imaging is the difference in neutron beam attenuation 
between cells with and without water, and thus the in-situ imaging experiment involved 
two critical data sets: dry images and wet images. The total amount of water can be 
quantified by the following equation: 
 
, , ,ln ln
N N
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where N is the total pixel number, Ap is the area of each pixel [(pixel pitch)
2], σw is the total 
neutron scattering cross section for water, Iw is the input wet image, and Id is the input dry 
images. 
 
The neutron imaging data were acquired at the BT-2 beamline of the National Institute of 
Standards and Technology (NIST). A publicly-accessible PEMFC database incorporates 
all associated cell performance data, current density, high-frequency resistance (HFR) and 
temperature distribution as well as the water thickness data obtained at NIST. Experimental 
neutron imaging methods have been described in sufficient detail elsewhere (e.g., [16, 45, 
46, 54]). The test section for neutron imaging experiment featured high-aspect ratio 50 cm2 
flow fields which simulate a streamwise “slice” of a full fuel cell, and thus provides a 
reasonable representation of transport phenomena in application hardware (Figure 3). 
Other materials set include: Gore® 18 μm membrane; 8:1:1 carbon-to-PTFE-to-FEP ratio, 
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30 μm thick microporous layer; and MRC 105 with 5% weight PTFE, 230 μm thick gas 
diffusion layer. The neutron imaging region covers the entire flow field: both the active 
area and non-active area which extend from the downstream edge of the active area to the 
outlet manifolds on both anode and cathode sides. The primary objective of neutron 
imaging experiment was to understand the behavior of water accumulation within the flow 
field, especially for the anode outlet area. The in-situ neutron imaging tests can provide 
both qualitative neutron images of liquid water accumulation and quantitative data of the 
total water volume at various operating conditions. 
 
The in-situ neutron imaging experiments were performed using the following protocol: 
1. Arrange the 50 cm2 test cell (Figure 3) in the neutron beam. Due to the limited 
diameter of the neutron beam, the whole flow field images were acquired in two 
steps. First, the active areas and anode outlet were imaged, then the cell was moved 
horizontally to cover both active area and cathode outlet area.  
2. Acquire “dry” neutron images where no liquid water exists within the testing cell 
for each temperature setting. To minimize the variation, the dry neutron image was 
the average of 1000 frames. 
3. Run the single fuel cell at various temperatures. At each temperature, there are 3 
test points for anode outlet tests: 0.1, 0.4 and 1.5 A/cm2. For cathode outlet tests, 
there are 6 test points: 0.1, 0.4, 0.7, 1.3 and 1.5 A/cm2. Aside from the temperature 
and current density, all other test conditions were fixed: bypassed humidifiers, and 
150 kPa back pressure for both anode and cathode.  
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4. For each test condition, acquire images at a rate of 1 frame/sec and average 60 
frames to obtain an “average” image. Therefore, the effective rate of water volume 
measurement was 1 Hz, with each single neutron image based on an average of 60 
frames. Before each testing point, there was a 10 minute holding time for the cell 
to reach its steady-state condition, and each testing point lasted for a total of 15 
minutes. 
5. Purge the cell and take a second set of “dry” neutron images. 
6. Move the cell horizontally to cover both of the active area and cathode outlet area. 





Figure 3 Schematic diagram of PEM fuel cell flow fields for neutron imaging 
experiments 
 
2.4.2. Results and discussion 
As shown in Figure 4, if all the data for these two cell temperatures are first analyzed as a 
group, there is a general trend of decreasing active area water with increasing current 
density, and anode exit water that is largely independent of current density. In a somewhat 
coarse sense, these trends are also reflected in the overall relationships between 
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accumulated water and pressure drop. While the anode exit water volume shows no 
apparent correlation to anode pressure drop (Figure 5), there is a general trend of decreasing 
active area water volume with increasing cathode pressure drop. In addition, it can be 
observed as well that there is decreasing water volume with increasing temperature (Figure 
6). This general analysis provides limited insight into the fundamental characteristics of 
water transport, and thus the data need to be assessed for specific conditions of temperature, 
pressure and relative humidity. Among the data presented in Figure 4-7, the most 
significant water volumes would be expected for the lower temperature (40 ºC) and highest 
inlet relative humidity (95/95%). Neutron radiographs for nine operating conditions 
(current densities of 0.1, 0.4 and 1.5 A/cm2 at each of three combinations of anode/cathode 
exit pressure) are shown in Figure 8. From this data presentation, several primary 
observations emerge. Firstly, channel-level water appears to exist predominantly at the 
lowest current density, and there is some indication that more channel water exists at the 
high pressure condition on both anode and cathode (150/150 kPa). Secondly, at the highest 
current density (1.5 A/cm2), most of the active area water appears to be at the scale of the 
gas diffusion layer (GDL), with channel water slugs present only toward the anode exit. 
Lastly, the quantity of anode exit region water appears to be largely independent of the 9 
operating conditions presented in Figure 8. These qualitative observations are confirmed 
by the water volume data presented in Figure 7. The trend in active area water mirrors that 
for the “average” data shown in Figure 4, with a significant decrease in total water with 
increasing current density. There is additionally quantitative confirmation of the observed 
increase in active area water volume when the anode and cathode exit pressures are both 
set at 150 kPa. Also consistent with the average trends in Figure 4 are the data for anode 
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exit water, which show little variation with either current density or system pressure, and 
are all in the range of 6 to 17% of the water volume in the fuel cell active area. As a result 
of the electrochemical reaction, the anode exit flow has very little gas phase momentum 
and is fully humidified, and thus there is almost no driving force for water removal. 
 
 
Figure 4 Average trends in measured water volumes; bars indicate maximum and 





Figure 5 Correlation between anode pressure drop and anode exit water for all baseline 




Figure 6 Correlation between cathode pressure drop and active area water for all baseline 




Figure 7 Variation of water volumes with current density for “wet” operating conditions: 
40 ºC at 95/95% inlet RH 
 
 




The in-situ neutron imaging activity included steady-state and transient analysis of liquid 
water volumes throughout the baseline cell active area, anode and cathode outlets, with a 
particular focus on the two-phase transport behavior at low temperature operating 
conditions (20 to 35 ºC). Image analysis was applied to enable accurate quantification of 
the water content from these extensive in-situ experiments, and relate these data to the ex-
situ pressure drop observations described later.  
 
It is instructive to observe the qualitative water distributions from both anode and cathode 
imaging experiments, as shown for several selected operating conditions (Figure 9 and 
Figure 10). All the pseudo-color images were processed with the same parameters, so they 
all follow the same color map as shown to the right of each figure. All images are cropped 
at the inner edge of the outlet manifolds, i.e., the plane at which the channels extend under 




Figure 9 Pseudo-color images for anode outlet and active area (anode side test) 




Figure 10 Pseudo-color images for cathode outlet and active area (cathode side test) 
(cathode flow direction is left to right)
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Several important observations can be made from the qualitative assessment of these 
images. First, the water content does not appear to decrease monotonically with increasing 
temperature as one would intuitively expect. Then, it was also observed that the water 
distribution is strongly dependent on the current density. As can be seen from both of anode 
side and cathode side neutron images, the water coverage increased with increasing current 
densities. Furthermore, the moderate current density (0.4 A/cm2) presented a very distinct 
maldistribution of water transport. Lastly, for all of the test conditions, the anode outlet 
area demonstrated significant water accumulation, which may contribute to channel-scale 
blockage and introduce difficulties in water management for PEM fuel cell. 
 
During the experiments, the temperature of the liquid coolant system fluctuated somewhat, 
resulting in small variations in cell temperature in all cases. It was also found that the cell 
voltage (and hence, the waste heat flux) was strongly dependent on cell temperature. As 
shown in Figure 11, temperature variations of as little as 0.5 ºC produced significant 
changes in water volume, which were also reflected in the change in cell voltage, on the 




Figure 11 Cell voltage changes caused by temperature variation 
 
Figure 12 shows the entire evolution of the active area water measurement at 0.1 A/cm2 as 
a function of test time. For each experiment conducted at a nominal cell temperature, a 10 
minute holding time was applied for the cell to reach the nominal test condition. At the 
beginning of the test, the water volume maintained a high level, and then as time elapsed, 
the volume tended to decrease to a steady-state value for the remaining holding time. Also, 
it was observed that higher temperature tests need more holding time to reach their stable 
conditions, as seen from the figure, the water volumes of 30 and 35 ºC have not reached a 
reasonable steady-state until after 12 minutes. Based on this observation, we extracted the 
last 3 minutes of data, representing an average of 180 neutron imaging frames, to perform 





Figure 12 Evolution of the active area water volume at 0.1 A/cm2 for various 
temperatures 
 
Figure 13 provides the active area water volumes at various current densities and 
temperatures. It can be observed that at each operating condition, the water volume stayed 
reasonably constant over the measurement period, as stated above the final 3 minutes of 
the 15 minute holding period for each test condition. It was found that among the conditions 
tested, the highest liquid water accumulation occurred at 0.4 A/cm2. The possible reason is 
that at low current density (0.1 A/cm2), the water production rate was also low and the 
water flow only occupied a small portion of the flow field, so the total water volume was 
the least. Then at moderate current density (0.4 A/cm2), though the water production rate 
increased, the moderate gas-phase flow was not strong enough to force the existing water 
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to exit, and this resulted in more water accumulation in the flow field. Lastly, as the current 
density continued to increase (1.5 A/cm2), the water flow took more space in the flow field 
which indirectly increased the gas phase pressure. In addition to that, higher gas flow also 
contributed to expelling the accumulated water. The water volumes measured for all 
nominal temperatures tested at 1.5 A/cm2 are essentially the same. It was also found that 
the accumulated water was very sensitive to temperature variations only at low current 









Figure 14 provides a summary presentation of the average active area water volumes for 
all cell temperature and current density conditions, covering both anode outlet and cathode 
outlet imaging experiments (indicated by “AN” and “CA”, respectively). The overall trend 
indicates that the maximum accumulated water volume was observed at moderate current 
densities (0.4 to 0.7 A/cm2). There are two possible explanations:  
 
 Two-phase transport balance between gas momentum and liquid water force. As 
mentioned above, at low current density (0.1 A/cm2), the water production rate was 
also low, and the water flow only occupied a small portion of the flow field, thus 
the total water volume was the least. Then at the moderate current density (0.4 
A/cm2), though the water production rate increased, the moderate gas-phase flow 
was not strong enough to force the accumulated water to exit, and this resulted in 
more water accumulation in the flow field. At last, the current density continued to 
increase (1.5 A/cm2), the water flow took more space in flow field which indirectly 
increased the gas phase pressure. In addition to that, higher gas flow also 
contributed to expel the accumulated water.  
 The other reason is the change of two-phase flow pattern. As can be observed in 
the pseudo-color images presented above (Figure 9 and 10), a substantial number 
of water slugs were present under the moderate current density test conditions. As 
the current density continued to increase, the accumulated water tended to become 





Figure 14 Summary of all data for active area water volume as a function of current 
density 
 
Figure 15 demonstrates the manifold-to-manifold pressure drop measurements from the 
in-situ experiments. It can be observed that both the anode and cathode pressure drops were 
largely insensitive to temperature variation, with an average range (min-to-max) of 12.8 
and 0.5% of the average measured values for the anode and cathode, respectively. The 
pressure drops for both sides increased with increasing current density due to the growing 
channel attendants (gas reactants and produced water). It is obvious that the pressure drop 
at the anode provides significantly lower values, and this is because only hydrogen flow 
was presents on this side, unlike the cathode which contains inert nitrogen flow. Thus, there 
would be an insufficient driving force to remove the liquid water either from external 
humidified hydrogen gas or internal back diffusion effect. The result emphasizes the 
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Figure 16 shows the water volumes at both anode and cathode non-active outlet areas, 
again limiting the analysis to the last 3 minutes of neutron image acquisition to enable the 
cell to reach a stable condition. The anode outlet had higher water volume compared to the 
cathode outlet, due to the fact that on the anode, hydrogen gas provided insufficient driving 
force and most of the hydrogen was consumed by the chemical reaction. Thus, there was 
very little gas momentum remaining to purge the flow field. At both exit transitions, when 
the water entered the outlet region of the flow field, it formed a film around the edge of the 
manifold (Figure 17), which can further increase the channel flow resistance. On the other 
hand, the cathode outlet area appeared to have less water accumulation, because the relative 
consumption of reactants was less on this side due to the availability of inert nitrogen which 





Figure 16 Water volumes at both anode and cathode non-active outlet areas  





Figure 17 Neutron images of flowfield exit regions 
 
It is also found that the measured water volumes showed a stronger effect of temperature 
than observed for the simultaneous active area data. There was no monotonically increasing 
water volume with decreasing cell temperature, as one might expect. This may in part be 
due to a history effect, whereby water was maintained at the outlet region even as the cell 
returns to the standard “holding” step prior to the subsequent test condition. The current 
analysis did not comprehend exactly where within the non-active area the water was 
actually retained: individual channels, connected area before flow passes under the seal 
gland, or on the edge of the flow field plate within the manifolds. With our complementary 
ex-situ two-phase pressure drop experiment, we were able to quantify the water volume in 
the flow field and provided a comprehensive correlation between pressure drops and the 




2.5. Gas and liquid two-phase transport in PEM fuel cell cells 
2.5.1. Ex-situ experiment design and procedure 
Given the fact that the neutron imaging technique measured the total amount of water in 
the PEM fuel cell, and there were difficulties in distinguishing the water in gas diffusion 
layer (GDL) from water in flow channels [22, 55]. The ex-situ two-phase pressure drop 
experiment was designed as a complementary means to understand the correlation between 
flow field pressure drops and the channel two-phase flow. A fuel cell test rig was fabricated 
for the ex-situ experiments, and Figure 18 demonstrates the evolution of the test rig 
development. The picture on the top left shows the first test rig iteration that was able to 
measure the manifold-to-manifold pressure drop and differential pressures for individual 
channels. The top right photograph is the test rig version featuring a visualization function 
by replacing the top plate with acrylic material to directly observe the water transport in 
the flow field. The latest test rig version (shown in the bottom picture) had the ability to 
separately monitor the pressure drops at the same time for three areas of interest: inlet non-
active area, active area, and outlet non-active area. The ex-situ experiment was consistent 
with in-situ neutron imaging test in terms of the active and non-active areas (Figure 3), and 
in fact used the same flow fields. We applied air flows to the anode flow field, comprised 
of 11 flow channels with 0.7 mm width and 0.3 mm depth. Fewer channels simplified 
alignment of the water injection ports and differential pressure (ΔP) transducer tubes with 
the flow field channels. The strategy was to acquire two-phase pressure drops for both the 
active area and the outlet region over a range of air and water flow rates and then develop 
an empirical model that could be used to extrapolate to lower velocities where direct 
measurement would be difficult. In principle, the same approach could be applied to the 
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anode two-phase flow, provided that the lower hydrogen density and differences in two-
phase flow regime are adequately included in the analysis [44]. 
 
Figure 18 Evolution of ex-situ pressure drop testing development 
 
Two absolute pressure transducers (Flush Mount Electronic Transmitter, PT12 Series) 
were placed at both the inlet and outlet manifolds to measure the total pressure drop for the 
whole cell. The pressure drops in each individual flow channel were measured by 11 
differential pressure transducers (Honeywell Configurable Pressure Transducer, Model 
FP2000) and the low pressure sides of the transducers were connected to an 11-tap 
distribution tube which was in turn connected to a fitting in the exit manifold, just above 
the absolute pressure transducer. In the latest test rig iteration (Figure 18, bottom picture), 
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pressure drops from individual channels were obtained using small manifolds that directly 
connected to the three differential pressure transducers (Omega Differential Pressure 
Transducer, Model PX409-005DWUV) to make the separated measurements for each area 
of interest: inlet non-active area, active area, and outlet non-active area. The 11 water 
injection tubes were connected to two syringes controlled by a Chemyx infusion pump. At 
the downstream end of the test rig (left side of photographs in Figure 18), a high-speed 
optical camera (PixeLINKTM FireWire.A CMOS Camera) was employed to capture the 
water exhaust from the flow field. The openings on the edge of the plate corresponded to 
the ends of the flow field channels which extended under the cell seal gland. The inlet gas 
flow rate was controlled by a mass flow controller (Brooks® Model SLA5850). National 
Instruments software was employed to control gas flow rate and data acquisition. For better 
sealing, a hard rubber material was utilized to replace the previous thin silicone layer, and 
this improvement enabled more precise pressure drop measurement. 
 
The measurements for the ex-situ study included the overall pressure drop from the inlet 
to the outlet (by absolute pressure transducers) and the differential pressure in each 
individual gas channel (by differential pressure transducers) for both active and outlet areas. 
These measurements were acquired under different air and water flow conditions. All 
experiments were conducted using the following procedure: 
 
1. Configure the differential pressure transducers to measure active area pressure drop. 
2. Acquire single-phase pressure drop data (air only) for overall pressure drop and 
channel level pressure drop.  
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3. Set water flow rate and acquire two-phase differential pressure data with increasing 
air flow to cover the same range of effective current density conditions. 
4. Change water flow rate, then repeat step 3. 
5. Purge the testing rig and switch the differential pressure transducers to non-active 
area. 
6. Repeat steps 2-4. 
7. Repeat single-phase measurements. 
 
Both the inlet gas flow rate and water flow rate were controlled to understand the channel 
and manifold water transport behavior. We assumed the cell was working under fully 
humidified conditions and all product water existed in the liquid phase. The air flow rate 
and water flow rates were calculated by standard equations based on the total current up to 
70A [17]. It should be noted that the ex-situ measurements had an effective maximum 
current density of 1.4 A/cm2 due to the limitation of the mass flow controller, which was 
selected to provide more sensitivity at very low flow rates. 
 
2.5.2. Results and discussion 
The ex-situ experiment was designed to understand water and gas two-phase transport 
behavior in the flow field in the single cell apparatus. The study was motivated by an 
overlooked problem in practical PEMFCs applications that the water from both humidified 
gas and electrochemical reaction accumulate in the non-active area and is generally 
difficult to be removed from this region. This phenomenon is caused by low gas-phase 
momentum at the transition between the end of bipolar plate channels and the manifold 
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due to consumption of reactant gas within the active area. Water management in non-active 
areas becomes critical as the remaining water would have significant impacts on stack 
performance, stability, and most importantly, efficient operation under freezing conditions. 
The anode is a particularly important focus area, due to the use of pure hydrogen, and thus 
the electrochemical reaction consumes more of the total flow. To provide effective water 
management for the channel-to-manifold regions, there is a need to quantify how much 
water would accumulate in the flow field under various operating conditions. Our in-situ 
experiment has provided quantitative data to demonstrate how much water stays within the 
cell at different working conditions; it was found that the pressure drop over the entire flow 
field is almost independent of the cell temperature and they essentially represent the gas 
phase differential pressure mainly for the two-phase transport in the reactant channels. 
Based on this principle, a representative ex-situ experiment was developed to directly 
control the flow of water and air to quantify the attendant increase in two-phase pressure 
drop in the flow field. The purpose of the combination of in-situ and ex-situ experiments 
was to distinguish the accumulated water in the flow field from the water in other PEM 
fuel cell components such as gas diffusion layer (GDL) and membrane-electrode assembly 
(MEA). Furthermore, there was a strong interest in developing a correlation between 
pressure drop and the channel flow conditions to understand the two-phase transport 
behavior in the flow field. Most importantly, the intended outcome was to establish the 
relationship between pressure drop and the accumulated water that can help with real-time 




The pressure drop of a PEM fuel cell is considered as a good indicator of the degree of 
water accumulation, and a sudden increase in pressure drop can result from cell “flooding” 
[29]. In this research, the available two-phase pressure drop correlations were explored and 
then a promising method was developed to estimate the accumulated water in the flow field 
which showed acceptable agreement with the in-situ experimental data. 
 
Figure 19 shows the measurements of pressure drops as a function of air flow rate 
(corresponding to current density) for various water flow rates from the ex-situ experiment. 
The pressure drop obviously increased as the channel air and water flow rates increased. 
With constant water flow rate (or single phase air flow), the pressure drop followed a linear 
function to the increasing air flow rate. It was observed that small amounts of liquid water, 
such as would be present during conditions of low current density at relatively low cell 
temperature, could significantly increase the pressure drop. But further increases in water 
flux appeared to have an incrementally smaller influence on pressure drop. It should be 
noted that the two-phase pressure drop curves do not pass through the origin, due to the 





Figure 19 Differential pressure as a function of air flow rate (sccm) at various water flow 
rates (mL/min) 
 
During the course of the experiments, the video apparatus was used to observe the two-
phase flow behavior at the exit end of the flow field plate through the end-view Lexan 
window (Figure 18). Because of the high air and water flow rates, the window became 
periodically fogged, making image acquisition difficult. However, it could be seen that the 
plate end was alternatively wetting and drying, but when water was expelled, it usually was 
discharged through only a subset of the “tunnels” which provide a flow path from the 
channels under the gasket gland and into the manifold (Figure 20). The three circles 
indicate regions of different water transport behavior that would appear to be correlated to 
the observed trends in the two-phase pressure drop. The left and right circles present the 
situation in flow field side regions wherein the water is expelled continuously, but the 
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average quantity of water discharge was relatively lower at the left side region than the 
right side region. The middle circle indicates the region of the plate edge where water 
tended to accumulate and form droplets. Clearly, the complex water behavior in this part 









In addition to the overall (manifold-to-manifold) pressure drop analysis, the ex-situ test rig 
was also able to measure the channel-level pressure drops for outlet non-active area , as 
shown in Figure 22 and Figure 22. The purpose of this experimental design was to 
separately measure the contributions from the outlet section. As a series of research 
activities, the ultimate objective was to develop a water mitigation strategy for the channel-
to-manifold area, and thus there was a need for better understanding of the water transport 





Figure 21 Channel level pressure drops in the active area for various current density 





Figure 22 Channel level pressure drops for non-active outlet area for various current 
density equivalent air and water flow rates 
 
In each of these 3-dimensional plots, the X-axis indicates the effective current density, the 
Y-axis represents each of the individual channels which follow the same order of the 
channel design, and the Z-axis shows the pressure drop value. It was observed that the 
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pressure drop in the active area was generally higher and more uniform than in the manifold 
outlet and this matched our neutron imaging observations that water was more uniformly 
distributed in the active area than at the manifold outlet. Then as the water flow increased, 
there was no strong impact on the flow resistance in the active area. On the other hand, the 
single-phase pressure drop of the outlet area was evenly distributed, but once water was 
introduced into the flow field, there was often severe flow maldistribution, resulting in 
some channels being completed blocked while a few channels remain open to 
accommodate all the air flow. This phenomenon was consistent with the in-situ neutron 
imaging results (see Figure 9 and 10). From both the in-situ and ex-situ experiments, it can 
be concluded that the liquid water is more likely to accumulate at the outlet regions, 
especially for the anode, due to the consumption of reactants. Thus, there is a need for an 
effective water mitigation strategy for the channel-to-manifold area to prevent channel 
blockage and the associated negative effects on fuel cell performance.  
 
As stated above, to better understand the water flow behavior as well as the water content 
distribution, it is necessary to obtain the differential pressure data for three critical areas: 
inlet non-active area, active area, and outlet non-active area. The ex-situ testing rig was 
upgraded with three more differential pressure transducers that were capable of monitoring 
the differential pressure for each of the locations described above (Figure 3). 
 
Figure 23 demonstrates the pressure drop over the whole flow field and the separate 
differential pressures for the three critical areas of the bipolar plate: inlet non-active area, 
active area, and outlet non-active area. It should be noted that any changes made to the ex-
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situ testing rig would had impacts on the measured differential pressure results. The reason 
is that the torque or compression force, sealing gasket aging, as well as any minor 
differences would affect the result even at the same testing rig configuration. Nonetheless, 
the principal of water and gas two-phase transport behavior remains the same. The overall 
pressure drop was consistent with the previous ex-situ experimental data that showed a 
linear increase as the simulated current density (i.e., effective airflow) increased. The 
pressure drop for the inlet non-active area was relatively low among the three areas because 
of no water accumulation there. The active area pressure drop remained the highest because 
the length of this region was longer than others and involved two-phase transport which 
increased the differential pressure. The pressure drop for the outlet non-active area was 
more sensitive to the water flowrate than the other areas, which was reflected in the larger 
ΔP change among various water flow rates. Furthermore, the pressure drops for the active 
area and outlet non-active area were fluctuating with the change of current density (air 
flow), and the two areas’ differential pressures changed in a complementary manner (i.e., 
a drop in active area ΔP was associated with an increase in non-active area ΔP). This 
behavior was apparently caused by the process of water accumulation and discharge within 





Figure 23 Differential pressure distribution of separate areas of flow field 
(a) Overall manifold-to-manifold; (b) inlet area; (c) active area; (d) outlet area 
 
Figure 24 illustrates how the water flow rate influenced the measured pressure drops. First, 
a small amount of water could significantly increase the pressure drop, but further increase 
contributed less to the driving force in the flow field channels. Furthermore, the active area 
pressure drop had an increasing trend at low current densities (< 1.3 A/cm2), then at 1.3 
A/cm2 the pressure drop stayed relatively constant. Finally, above 1.3 A/cm2, the pressure 
drop within the active area decreased with further increasing water flow rate. This 
phenomenon was also observed from the in-situ neutron radiograph analysis; the amount 
of water accumulated in the active area increased with lower current densities until 









Figure 25 Differential pressure distribution among the inlet non-active area, active area, 
and outlet non-active area 
 
The above Figure 25 is the differential pressure distribution along with the flow field at 
various injected water flow rates. With single-phase air flow, the differential pressures 
were essentially determined by the length of each critical area: the relatively longer active 
area contributed the most pressure drop and the shorter inlet and outlet non-active areas 
together only provided a quarter of total pressure drop. Then as the injected water flow rate 
increased, the outlet non-active area increasingly generated a greater percentage of the total 
differential pressure. This phenomenon suggested that there would be more water 
accumulated in this region which included the outlet non-active area and the channel-to-




2.6. Chapter summary 
This part of the dissertation research sought to characterize the accumulated water within 
the fuel cell flow field at low temperature conditions and explore the correlation between 
two-phase pressure drop and channel flow conditions using ex-situ experiments. 
Additionally, the neutron imaging method was applied to directly measure the accumulated 
water within the transition regions, and provide a comparison to simultaneously measured 
water volume within the fuel cell active area. In this research, the differential pressures 
from manifold to manifold, the differential pressures from individual channels, as well as 
the differential pressures from separate areas (inlet non-active area, active area, and outlet 
non-active area, were measured at various channel air and water flow rates. It was found 
that a small amount of water present in the flow field could significantly increase the 
differential pressure, but further increase of the water has less impact on the pressure drop 
change. Furthermore, the water may not be evenly distributed among individual channels 
which would negatively affect the electrochemical reaction in the MEA. Lastly, the water 
mitigation strategies should be especially focused on the anode outlet area and the 
measured pressure drop can be used as a diagnostic tool for PEM fuel cell water 
management. 
 
The in-situ neutron imaging experiments enabled direct observation of the actual water 
distribution during fuel cell operation, and separate quantification of the water volumes in 
the fuel cell active area and non-active anode outlet region. The results included the 
measurement of transition-region water, which was found to be weakly dependent on 
current density. This suggested that once water formed in this area, there was little driving 
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force to extract it completely by means of gas momentum. Moreover, the active area water 
volume was strongly dependent on cell temperature, and temperature variation of as little 
as 0.5 °C produced a significant change in water accumulation which was reflected in the 
cell voltage. Lastly, it was found that at low temperature, the active area water content did 
not appear to decrease monotonically with increasing temperature as one would intuitively 
expect. Moreover, the water volume first increased until the current density reached 0.7 
A/cm2 and then decreases with increasing current density. More analysis is required to 
understand the effects of cell temperature and voltage, and the channel-manifold water 
transport analysis should be performed with improved neutron imaging techniques.  
 
2.7. Research contribution 
This part of the dissertation research investigated the gas-water two-phase transport 
behavior by both ex-situ experiments and the in-situ neutron imaging technique. The 
contribution and novelty include: 
 Assessed PEM fuel cell water management behavior in the low non-freezing 
temperature range (200C to 400C), which significantly affects the reliability and 
durability of PEM fuel systems, but has not been investigated in the literature. The 
results revealed the behavior in the transition temperature range that water content 
is strongly dependent on cell temperature and does not appear to decrease 
monotonically with increasing temperature. 
 Analyzed water management in the non-active region of the bipolar plate, which 
not only affects the channel-to-channel water distribution within the fuel cell flow 
field, but also the cell-to-cell water distribution in a fuel cell stack. The results 
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demonstrated that water management should focus on the anode side of the fuel 
cell under low, non-freezing temperature conditions, especially in the outlet 




3. Advanced water mitigation strategy for PEM fuel cells 
3.1. Introduction 
The performance, efficiency, and durability of PEM fuel cells, are highly dependent on the 
water existing in the flow field [13-15]. Water management has become a critical issue in 
PEM fuel cell research and development activities, and various techniques have been 
employed to study the water management in GDL, manifolds and flow fields [16, 18, 24, 
27-30]. However, water management in the channel-to-manifold region has not been 
adequately discussed in the open literature. In practical applications, the water at the 
transitions between the ends of the flow field and the manifolds is hard to extract from this 
region. One reason is that in this region, the gas-momentum becomes low due to the 
reactant consumption in the active area. The problem is especially apparent on the anode 
as most of the hydrogen is consumed. Furthermore, the heat transfer in this region is 
different from that in the active area because of the absence of electrochemical reaction. 
As a result, there is little driving force at the channel-to-manifold area to remove liquid 
water which may cause significant problems, such as unstable cell performance and 
channel blockage under freezing conditions.   
 
Relatively low operating temperature, high power density, and excellent dynamic 
characteristics make proton exchange membrane (PEM) fuel cells the most popular 
platform for automotive applications [56]. The management of liquid water produced by 
the electrochemical reaction and introduced with externally humidified reactants is directly 
linked to fuel cell performance and durability. Insufficient humidification causes 
dehydration of the membrane that results in unstable voltage at low power, and also 
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contributes to maldistribution of current density. Conversely, excess water present in the 
cell may block the flow field channels, which in turn causes poor performance due to 
starvation of reactants and decreased reliability because of the corrosion of carbon 
electrodes. In practical automotive applications, a key challenge faced by PEM fuel cells 
is the capability of rapid startup under severe conditions such as freezing temperatures. The 
problem is that under freezing conditions, the accumulated water could form ice layers that 
expand to block the gas flow channels. There could be limited or even inhibited chemical 
reactions during the startup routine; the consequences include delay or failure of fuel cell 
system startup and temporary loss of fuel cell performance. In addition, the maldistribution 
of ice layers and the expansion of water volume from phase change lead to increased 
mechanical stresses that affect fuel cell components, resulting in degradation of membrane 
proton conductivity, irreversible and reversible loss of performance due to changing 
transport properties, and compromised thermal and electrical interfacial contact [57]. In 
addition to these potential problems, there is another issue that warrants attention. Many 
studies aim to accelerate the commercialization of PEM fuel cell in terms of improvements 
in membrane, electrodes and MEA materials, and heat and water management [19, 20, 58-
60].  
 
3.2. Literature review 
PEM fuel cell systems for automotive applications should meet the same durability and 
reliability requirements of current automotive engines, which are 5,000 hours lifespan 
(150,000 miles equivalent) with less than 10% loss of performance at the end-of-life and 
the ability to function over the full range of external environmental conditions (e.g., start-
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up from -20oC) [61]. The latest DOE hydrogen and fuel cell program record indicates the 
current FCEV has reached a maximum of 5,605 hours on-road durability [62]. Thus, the 
survivability of PEM fuel cells under severe conditions such as freezing temperatures has 
drawn significant attention in PEM fuel cell research and development activities (e.g., [57, 
63-65]). Hishinuma et al. [63] investigated the characteristics of PEMFC at sub-freezing 
temperatures by experiments and modeling analysis. They claimed that the cathode water 
residue is likely to freeze at the active area due to the negative differential pressure from 
downstream to the active area. In addition, they also suggested heating the cell when 
starting from below -5oC due to loss of thermal mass by the introduction of cold reactants. 
Cho et al. [64] concluded that the gas-purging method could significantly reduce the 
performance degradation rate for PEM fuel cells under sub-freezing environments, and the 
solution-purging method that introduces methanol or ethylene glycol as antifreeze could 
substantially shorten the purging time, but shows a higher degradation rate than the gas-
purging method. Tang et al. [65] claimed that their vacuum-assisted drying method could 
mitigate water faster and more thoroughly than traditional purging techniques. Thompson 
et al. [66] developed a control strategy to create a relatively dry cell before system 
shutdown by shutting off the gas reactant humidifier earlier than the overall system.  
 
These solutions to the sub-freezing startup issue can be divided into two broad categories: 
thermal management methods and thaw-heating method. The thermal management method 
represents the strategy that either uses a small amount of energy or insulation components 
to keep the fuel cell stack at a non-freezing condition for an extended period. Conversely, 
thaw-heating methods focus on providing heating energy to thaw residual ice before start-
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up. However, though both methods provide promising solutions to the sub-freezing startup 
issue, the additional control components and subsystems, as well as the input heating 
energy, will increase the operation and installation costs of automotive fuel cell systems.  
 
The successful cold start from sub-freezing conditions is critical for FCVs before the 
widespread deployment. Scientists and researchers spend tremendous efforts 
understanding and investigating the issue from different aspects. Meng et al. [67] provided 
a comprehensive review of PEM fuel cell cold-start phenomenon. They examined both 
isothermal cold-start operations and non-isothermal self-starts procedures. Their numerical 
result indicated that the water vapor concertation in cathode flow field could affect the ice 
formation in the catalyst layer and thus the cold-start capability. Hou et al. [68] investigated 
the PEM fuel cell cold start from the aspects of performance, electrode electrochemical 
characteristics, and cell components. They found that most of the residual water 
accumulated in the gas diffusion layer and flow field and only a few existed in the catalyst 
layer. Further, though the freezing water in gas diffusion layer could slightly affect cell’s 
mass-transport process; there was no membrane dehydration phenomenon with respect to 
the gas penetration. Rangachary et al. [69-71] examined the effects of freeze/thaw cycling 
on PEM fuel cell performance, especially for the Nafion membrane. They found that the 
ice was formed between the catalyst layer and gas diffusion layer in certain MEAs. 
Additionally, the ice formation was found to concentrate near the inlets, outlets and bipolar 
plate edges. As a result, they pointed out that mitigation of water at the flow field would 
be essential for operation at sub-zero temperatures because of its detrimental impact on the 
membrane conductivity. Gavello et al. [72] studied the effect of freeze/thaw cycles on the 
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Nafion membrane. They employed different dry gases (N2, air, and H2) to purge the cell 
before freezing and found that using dry reactant as purge gas could provide the best result 
that causes less damage to MEA structure and remains acceptable performance. However, 
they also observed a significant migration of Pt particles from the catalyst layer into the 
electrolyte membrane. Biesdorf et al. [73] compared the cold start capability of PEM fuel 
cells with two different active area sizes by experimental and modeling analysis. They 
concluded that the residual water has a higher probability of freezing with larger cell area 
and optimized materials could help improving the cold start capability. Sundaresan and 
Moore [74] developed a comprehensive sub-freezing thermal model for PEM fuel cell 
stack that is capable of providing accurate temperature distribution within the stack. They 
suggested using internal stack heating rather than stacking reactions in terms of starting 
time and energy efficiency. Jiao et al. [75] provided a cold start failure mode for the cathode 
GDL and flow field as the complement to the commonly recognized cathode CL failure 
mode. They claimed that the cold start characteristics are dominated by the cathode flow. 
Kim et al. [76, 77] studied the physical degradation of MEA on freeze/thaw cycling and 
found the water in MEA causes damage to the catalyst layers under freeze/thaw conditions. 
In addition, they identified that a uniform pressure of the MEA onto the CL could be a 
critical parameter to mitigate freeze-induced physical damage. Santamaria et al. [78] made 
a comparison between parallel and interdigitated flow fields on cold-start behavior under 
various current densities and sub-freezing temperatures for the cathode CL. They claimed 
that the interdigitated designs might provide better performance under sub-zero conditions 
in some cases. Guo et al. [79] developed a 3D multiphase cold start model for PEM fuel 
cell. They claimed that the assisted anode catalytic hydrogen-oxygen reaction, especially 
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in the galvanostatic mode, could achieve a successful cold start from -20 oC. There are also 
some review papers discussing the cold start issue of PEM fuel cells. Wan et al. [80] 
discussed the PEM fuel cell cold start issue from the aspects of water state and phase 
changes in the membrane, catalyst layer, and gas diffusion layer, respectively. They also 
mentioned there is a need for water management research on the flow field. Amamou et al. 
[81] summarized the working principles along with the associated advantages and 
drawbacks of current solutions and strategies in PEM fuel cell cold start research. Their 
work concluded that the optimized solution for PEM fuel cell cold start is to purge the cell 
at shutdown and use internal heating at startup, which requires shorter heating time and 
less energy consumption. 
 
3.3. Statement of research 
The studies discussed above were almost exclusively conducted on a single-cell basis, and 
seldom address performance for a multi-cell PEMFC stack. In practical applications, 
individual cells are electrically connected in series to provide a higher voltage, but the flow 
fields for each cell are physically connected in parallel. This configuration raises another 
important issue, that is, the water management at the ends of flow channels and the stack 
manifold. Liquid water discharged from each individual cell first accumulates to form a 
droplet and then is expelled by the subsequently formed droplet. Similar to single-cell 
water management, accumulated water at the manifold has significant effects on the whole 
stack performance and especially for applications under freezing conditions. There is a 
need for specific focus on the ends of the flow channels to manifold transitions, as the water 
accumulation behavior in this region is almost always overlooked, but it is critical for 
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practical PEMFCs applications in terms of stack performance and stability, especially 
under freezing operating conditions. The initial empirical research (Chapter 2) quantified 
the accumulated water in the channel-to-manifold transition region by analyzing previously 
acquired neutron images. This part of the dissertation work enabled development of 
fundamental knowledge of water distributions in terms of the attendant flow quantities (gas 
and water) at various operating conditions. The research presented in this chapter sought 
to characterize the water accumulated in both the active and non-active regions (cathode 
and anode outlets), as a function of cell operating conditions, including cell temperature 
and current density. Also, the analysis was complemented by an improved ex-situ 
apparatus, which aimed to further explore the relationship between pressure drop and 
quantity of reactants. To simulate transport in a fuel cell stack, the ex-situ apparatus had 
the additional feature of a simultaneous cross-flow channel at the exit plane of the bipolar 
plate, which enabled simulation of two-phase flow dynamics of a fuel cell positioned 
anywhere in a stack, from zero cross-flow at the top of the stack to maximum cross-flow 
at the bottom of the stack. This part of the dissertation work filled the research gap that no 
prior study has quantified the water content in PEM fuel cell flow fields based on channel 
quality and differential pressure. Additionally, for the first time, this work has emphasized 
the importance of water management in the anode outlet channel-to-manifold region. 
 
Another aspect of this part of the dissertation research was to provide water mitigation 
strategies by bipolar plate surface modification methods. Minimizing the amount of 
residual water at system shut-down is essential to certify a successful cold start [82]. 
Beyond the rather extensive investigations of freeze phenomena and water transport 
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behavior in the active area, water management at the channel-to-manifold interfaces has 
received limited attention. For practical applications, because of the consumption of gas 
reactants, there is a small driving force to expel liquid water from this region. Additionally, 
the back diffusion effect of MEA negatively affect the water removal from the anode [83]. 
Under severe operating conditions such as very low ambient temperatures, the buildup of 
water could form ice layers that limit or even inhibit the internal chemical reactions. As a 
consequence, the ice layer builds additional barriers and could lead to carbon electrode 
corrosion under severe anode starvation conditions. This phenomenon has been studied 
previously by neutron imaging experiments conducted at the BT-2 beamline of the 
National Institute of Standards and Technology (NIST) in Gaithersburg, Maryland [84]. 
For cells operating at low temperature, significant water accumulates in the non-active 
regions near both anode and cathode outlets, including thick films that form on the plate 
edges within the manifolds (Figure 17). This phenomenon persists even under much less 
extreme operating conditions. In Figure 26, the top neutron image demonstrates the water 
distribution of a PEM fuel cell under nominal operating conditions with 80oC cell 
temperature. It may be observed that there is a large amount of water present in the non-
active bipolar plate regions (left and right sides of the picture2). From the bottom neutron 
image in Figure 26 showing the water distribution after purging the cell for 5 minutes, it is 
obvious that most of the water in the active area and cathode exit areas (right edge of the 
picture) has been removed and leaves a relatively dry flow field. However, the anode exit 
area in particular (left side of the picture) still contains significant liquid water. This water 
residue at the channel-to-manifold region does not only affects the channel-to-channel 
                                                 
2 The size of the neutron imaging apparatus did not enable coverage of both anode and cathode outlet 
manifold sections with the full active area. 
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water distribution for the single cell but also influences the cell-to-cell water distribution 
in stack configurations [31-34, 38-43]. The effectiveness of the air purge applied to the 
cathode side is largely dependent on the specific cell architecture. Within the active area, 
anode water can be “pulled” across the membrane to the cathode side and removed, but 
this is not necessarily the case in the non-active membrane region, and certainly will not 
occur in the “tunnel” section where flow passages extend under the gasket gland. Therefore, 
once water exists downstream of the active area on the anode side, it is very difficult to 
remove by any conventional strategies.  
 




Figure 27 presents the quantitative analysis of total water volume as a function of purge 
time for the images illustrated in Figure 26. The overall trend of the water volume is 
decreasing with increasing purging time. It can be seen that water volume decreased rapidly 
at the beginning of purge progress, but slowed down to almost stopped towards the end of 
purging. This result along with neutron images in Figure 26 confirmed the significance of 
anode water management at the channel-to-manifold area. Further, it also pointed out that 








This part of the dissertation research, coupled with our observation that shutdown purge 
may be insufficient for removing liquid water outside of the active area, led us to consider 
the use of bipolar plate surface modification to reduce the amount of water that can 
accumulate. We hypothesize that changing the plate surface energy to make it more 
hydrophobic or hydrophilic could reduce water in the non-active transition regions between 
channels exits and manifolds, thus simplifying the shutdown purge process. Earlier 
researchers have investigated the use of bipolar plate surface treatments to enhance water 
management properties. Taniguchi et al. [85] explored the PEM fuel cell performance with 
surface modified gas flow channels and concluded that the waterproof flow field could 
provide improved peak power in the condition of lower anode flow rate. Owejan et al. [86] 
conducted research on the properties of flow field and gas diffusion layer to study the water 
accumulation behavior. They indicated that the hydrophobic channel surface retained more 
water and resulted in an improved performance at high current density due to the 
distribution of a large number of small water slugs. There are more patents than journal 
articles on this research topic (e.g., [87-95]). 
 
In this part of the dissertation research, a flow field surface modification method was 
applied to experimentally investigate the water mitigation effect on PEM fuel cell flow 
field. The expectation was to provide an unblocked flow field under freezing temperatures 
(-20 ºC) so that there would be sufficient chemical reactions to warm up fuel cell stack 
when starting up. The motivation of this research is based on the fact that PEM fuel cell 
flow field presents the most water content compared to other components (GDL and MEA) 
and is more likely to be blocked due to morphological change. The blocked flow field 
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prevents reactant gases to go through; thus there could be no chemical reaction occur. The 
consequences include: startup failure of fuel cell stack and internal pressure build up to 
damage the upstream fuel supply subsystems. In addition to that, according to our previous 
research [96, 97] and as also concluded by Stahl et al. [98], the design of flow field edges 
which connect reactants flow channels to the manifold exhaust can have a significant 
influence on water transport and accumulation behavior in the cell. Thus, this research 
identified the most effective surface modification location to simplify PEM fuel cell startup 
routine from sub-freezing conditions, which filled the research gap that no prior study has 
provided PEM fuel cell cold startup strategies from the perspective of flow field water 
management. This was the first research that evaluated the water mitigation effectiveness 
of PEM fuel cells for various bipolar plate surface modification locations. 
 
3.4. Gas and liquid two-phase transport model 
3.4.1. Methodology 
A gas and liquid two-phase transport model was developed using the ex-situ experimental 
data (Figure 19) and verified by the in-situ neutron radiograph imaging results (Figure 14). 
The ex-situ experiment applied two Flush Mount Electronic Transmitter (PT12 Series) 
absolute transducers at both the inlet and outlet of the testing rig to measure the total 
pressure drop for the whole flow field. The water was injected directly into individual 
channels through 11 tubes which driven and distributed by a Chemyx infusion pump. The 
gas flow was provided by a Brooks Model SLA5850 mass flow controller. The ex-situ 




1. Acquire single-phase pressure drop data (air only) for flows corresponding to 
current densities from 0.1 to 1.4 A/cm2.  
2. Set water flow rate. Acquire 2-phase differential pressure data with increasing air 
flow to cover the same range of current densities. 
3. Acquire 2-phase differential pressure data with decreasing air flow to test the 
hysteresis effect. 
4. Change water flow rate and repeat steps 2 and 3. 
5. Repeat single-phase measurements. 
 
The two-phase flow principle has been well studied in the area of designing and optimizing 
the performance of refrigeration, air-conditioning, and heat pump systems [99]. There are 
4 main flow patterns of two-phase transport phenomenon that are caused by various gas 
and liquid flow rate combinations, which have been summarized by Xu et al. [100]: 
 
 Bubbly Flow: the gas phase forms individual bubbles within the continuous flowing 
liquid phase. 
 Slug Flow: the gas phase forms elongated bubbles that nearly fill up the channel 
dimensions. The water phase builds films at the side walls of the channel and 
accumulated as slugs between gas bubbles towards the direction of two-phase flow. 
 Churn Flow: the gas phase forms elongated bubbles and is squeezed by water phase 
flow. The water phase flow builds films at the side walls of channel dimensions and 
breaks down the gas bubbles to form a specific local bubbly flow.  
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 Annular Flow: the water phase flow forms evenly distributed film flow along the 
channel walls or flow field. The gas phase flows continuously with liquid phase 
flow. 
 
Also in the work of Xu et al. [100], they found differences in flow characteristics between 
large (> 0.3 mm) and small (≤ 0.3 mm) channel gap widths. In the latter case, there was 
never bubbly flow observed even at very low airflow rates. At high water flow rate and 
low gas flow rate, the individual gas bubbles were combined by the force of surrounding 
water to form large size bubbles in a shape of half circle and half rectangle. With increasing 
gas flow rate, the two-phase flow pattern changed from slug flow through churn flow to 
annular flow. For all the conditions, the water flow traveled as films along with the channel 
walls. From our ex-situ experiment, we observed the same flow patterns as the above 
description which inspired us with the fact that PEM fuel cell two-phase transport could 
share some of the principles and fundamentals with traditional large-scale two-phase 
transport applications.  
 
However, the two-phase flow pressure drop models in these applications such as 
refrigeration systems, oil pipelines, and heat exchangers could not properly fit into the PEM 
fuel cell two-phase flow phenomenon. The main reason is that PEM fuel cell has a much 
smaller channel dimension than those large-scale systems. Besides, the individual channels 
in flow field are not completely isolated with others, the gas and water can be diffused by 
the gas diffusion layer and membrane electrolyte assembly. Furthermore, PEM fuel cells 
are always connected into a stack, which means there are multiple cells with common inlet 
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and exhaust manifolds. As a consequence, the channel-to-manifold water would impact 
channel-to-channel flow distribution within individual cells as well cell-to-cell flow 
distribution in a stack. 
 
The strategy of this dissertation chapter was to perform ex-situ experiments to obtain 
differential pressures for the whole manifold at various gas and liquid flow rate 
combinations. Then, after acquiring the experimental data, a comprehensive model was 
developed to estimate the pressure drop from known channel flow rates. Generally, there 
are two approaches to predict the two-phase pressure drop. The first one is known as the 
homogeneous equilibrium model that considered the two-phase transport as a pseudo 
single-phase fluid [101, 102]. The other approach, the so-called separated flow model, 
correlates the two-phase pressure drop to single-phase pressure drop by multiplying a two-
phase flow friction factor. The most widely cited separated flow model is the Lockhart- 
Martinelli correlation [103]. In this part of the dissertation work, the separated flow model 
was applied to explore the relationship between pressure drop and the channel gas and 
liquid flows and then utilized the principle of homogeneous equilibrium model to predict 
the accumulated water in the flow field. 
   
3.4.2. Results and discussion 
To apply the separated flow model, we started from the single-phase pressure drop. Here 
we applied Hartnett and Kostic’s model [104], (Eq. 5 and Error! Reference source not 
found. were applied to our flow field design, and the model fits our experimental data 
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(Eq. 6) 
where f is the friction factor, Re is the Reynolds number, Dh is the hydraulic diameter, α 
represents the aspect ratio defined as the channel cross-sectional height divided by the 
width, L is the length of the channel, m is the mass velocity, and ρ represents the density. 
 
 




After identifying a viable single-phase pressure drop model, the correlation between the 





















where Mg is gas mass velocity, Mtotal is the sum of gas and water mass velocities, and x is 
quality.  
 
However, as shown in Figure 29, there was no obvious correlation between these two 
parameters. We first attempted to apply the well-known Lockhart-Martinelli correlation to 
determine if it can be applied to our study, but it resulted in a less than adequate fit. The 
reason may be that the Lockhart-Martinelli correlation was originally applied to two-phase 










Figure 30 Comparison of ex-situ experiment two-phase multiplier and Lockhart-
Martinelli two-phase friction multiplier 
 
However, the methodology should be still useful when dealing with two-phase transport, 
and in our case we found a strong correlation between our ex-situ experimental 2-phase 
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The profile for each water flow rate can be represented by a linear function as shown in 
Figure 31. The slopes of these lines are represented by the power law relation shown in 
Figure 32: 
 
0.769 12.676X( )  1.114g lq
    
(Eq. 10) 
where ql is the water flow rate. 
 
 






Figure 32 Relationship between slope of lines in Figure 31 and water flow rate 
 
With the above correlation, we have developed a promising model to estimate the two-
phase pressure drops by known channel attendants for micro-channels in PEM fuel cells. 
But the accumulated water volume inside the flow field is still not available with the model. 
To solve this problem, we utilized the principles of homogeneous equilibrium model and 
neutron imaging experiment to estimate the water volume in the flow field. The strategy 
was to treat the accumulated water existing in the channel and occupying a certain portion 
of channel volume. Based on this methodology, we can calculate the water volume by 
reversely applying Error! Reference source not found. and 6 that use the two-phase 
pressure drop calculated from our correlation to calculate the channel aspect ratio α. Then 
the average water thickness will be the difference between actual channel depth and the 
83 
 
calculated channel depth. At last, we can get the water volume by using the average water 
thickness multiple by the effective channel area. 
 
In order to validate the effectiveness and accuracy of this methodology, the water volume 
results of ex-situ experiment were compared to the quantitative in-situ experimental data. 
 

















0.1 299.60 1.46 208.00 90.14  N/A 
0.4 363.77 5.83 208.00 149.94  N/A 
0.7 398.74 10.20 208.00 180.54 183.54 1.66% 
1 371.74 13.11 208.00 150.62 162.54 7.91% 
1.3 359.17 18.94 208.00 132.23 135.49 2.46% 
1.5 359.85 21.85 208.00 129.99 123.51 4.99% 
 
In Table 4, the overall water volume is taken from the analyzed in-situ neutron images; 
water volume in MEA was calculated by the membrane water up-take formula [105]; and 
for the water volume in GDL, we assumed 20% GDL saturation, which is reasonable for 
most of the GDLs [106], to then infer the channel water volume. As can be seen from the 
table, the ex-situ model data have an acceptable agreement with the in-situ experimental 
data with a maximum variation of 7.91%. It should be noted that this method also suffers 
from the weak point of homogeneous equilibrium model that gives less accurate prediction 
at lower mass qualities [101, 102]. The reason can be explained by our in-situ observations 
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in Figure 9 and 10: the average water thickness did not represent the active area water 
thickness at low current density, as there was significant amount of water accumulated at 
the outlet area. As the current density increased, the accumulated water tends to evenly 
distributed in the flow field. 
 
The ex-situ experiment presented the correlation between pressure drop and channel 
quality, and a promising model to estimate the water volume in the flow field. With the 
developed model, the pressure drop can be used as a real-time diagnose tool to monitor the 
accumulated water that helps to maintain a proper water management for PEM fuel cells.  
Both the in-situ and ex-situ experimental results demonstrated that there is a need for water 
mitigation strategies for the channel-to-manifold transition, especially on the anode side. 
 
3.5. Water mitigation strategies for PEM fuel cell flow field 
3.5.1. Methodology 
To investigate the effectiveness of water mitigation provided by surface modified flow 
field, we developed a dedicated testing rig to perform freezing tests. The test section for 
freeze/thaw campaigns featured high-aspect ratio 50 cm2 flow field which simulates a 
streamwise “slice” of a full fuel cell, and thus provides a reasonable representation of 
transport phenomena in application hardware (Figure 33). In this part of dissertation 
research, we applied anode flow field to perform the freeze/thaw experiment, the reason is 
that most reactant gas (hydrogen) is consumed during the active area and there will be 
limited drive force to push the back diffused water (from cathode) out of the flow field [96, 
97]. Thus the accumulated water in anode become harder to remove than the cathode. 
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Figure 34 demonstrates the freeze/thaw experiment test rig configuration, comprised of 
two aluminum plates and a hard plastic plate. The flow field was sandwiched by a bottom 
aluminum plate and a plastic plate with another aluminum cover plate on the top. The top 
aluminum plate features three windows designed to visualize through the plastic plate the 
water flow behavior. A rubber gasket was used around the plate perimeter to provide 
sealing. We mounted a differential pressure transducer (Omega Differential Pressure 
Transducer, Model PX409-005DWUV) to monitor the pressure drop for the entire flow 
field. The inlet gas flow rate was set by a mass flow controller (Brooks® Model SLA5850). 
Between the mass flow controller and the inlet of the test rig, a mass flowmeter (Omega® 
FMA2711) monitored the actual gas flow rate through the flow field. The water injection 
tubes were connected to two syringes controlled by a Chemyx® infusion pump. 
 
 





Figure 34 Freeze/thaw experiment testing rig 
 
The flow fields ware first treated with hydrophobic and hydrophilic coatings by CVD 
processes at RIT SMFL facility (see Figure 35): 
 
 Hydrophobic: 100W RF power with oxygen (O2) plasma for 3 minutes. 




Figure 35 CVD facility at RIT SMFL 
 
Figure 36 demonstrates the effects of surface modification by CVD, indicating that this 
method was capable of providing acceptable surface conditions for our flow fields. 
However, there was a need to locate accurately the surface modifications with fine spatial 
control. As an alternative, we identified commercially available hydrophobic and 
hydrophilic coatings that substantially simplified the surface modification procedure. The 
coating chemicals were purchased from Lotus Leaf Coatings, Inc.3, and could be precisely 
sprayed or brushed onto our flow field while providing nearly <10o and >150o static contact 
angles for hydrophilic and hydrophobic requirements, respectively.  






Figure 36 Effects of CVD surface modification 
 
To investigate the effectiveness of freeze/thaw process and identify the most effective 
strategy for mitigating produced water in the flow field, we developed a comprehensive 
test plan to perform the experiments. The research involved nine sets of ex-situ experiments. 
The unmodified flow field served as the baseline test. Besides the entire flow field coating, 
we also developed three more locations to evaluate the effectiveness of surface 
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modification, which were the center outlet tunnel, all outlet tunnels, and the non-active 
area. In this context, the tunnels are the discrete channels that extend from the ends of the 
flow fields, under the bipolar plate gasket gland, and terminate in the stack manifold. These 
three locations are in the region between the active area and the manifold exhaust, where 
there is no catalyst layer covered and no chemical reaction occurred. As seen in Figure 26, 
there was a significant amount of residual water even after purging for 5 minutes. 
Minimizing the water content in this region can help to improve the capability of PEM fuel 
cell cold startup in terms of purging time and heating energy consumption. The designed 
surface modification locations are listed below and illustrated in Figure 37. 
 
 Baseline plates (unmodified flow field) 
 Hydrophilic/hydrophobic center outlet tunnel coating 
 Hydrophilic/hydrophobic all outlet tunnels coating 
 Hydrophilic/hydrophobic non-active outlet area coating 





Figure 37 Surface modification locations 
 
The measurements for the freeze/thaw study included the overall pressure drop from the 
inlet to the outlet (by the differential pressure transducer) and the actual gas flow rate 
through the flow field (by the mass flowmeter). These measurements were acquired under 
computer-controlled air and water flows. In actual fuel cell operation, the anode flow field 
obviously involves two-phase hydrogen-water flows, and flow regime differences are 
known to exist with the air-water system (e.g., [44]). However, for this experimental study, 
the simpler air-water system was applied to quantify the relative effectiveness of the 
coating schemes shown in Figure 37. The reason was that, though hydrogen consumption 
in the active area contributed to the water accumulation at the non-active outlet area, the 
back diffusion effect and the capillary force significantly prevented the residual water from 
exiting the flow field [78, 107]. The goal of using air to conduct the ex-situ experiment was 
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to simulate a two-phase transport in the flow field, which helped to identify the 
effectiveness of water mitigation with surface modifications under freeze/thaw condition. 
All experiments were conducted using the following procedure:  
 
1. Mount the baseline flow field mount into the fixture. 
2. Conduct one hour single-phase pressure drop measurement. 
3. Set water and air flow rates corresponding to 1.0 A/cm2 current density: air = 
1357 sccm, water = 0.28 ml/min. 
4. Run the test rig for 30 minutes to reach a steady state. 
5. Conduct one hour two-phase pressure drop and flow rate measurements. 
6. Seal the test rig and place it into an environmental chamber for one hour at -
20oC. 
7. Remove the test rig and begin (within 1 minute) 2-phase pressure drop and flow 
rate measurement for one hour at room temperature. 
8. Repeat the experiment, at least 2 times. 
9. Purge the test rig and install another surface modified plate to repeat steps 2-8.  
 
3.5.2. Results and discussions 
Figure 38 illustrates the effect of water interaction with the bipolar plate after surface 
modification. The baseline plate (middle of the figure) presents the normal situation when 
water goes through the flow field, and it was observed that the water entered the channels 
with uneven distribution and excess water either filled the gas channels or accumulated 
into a small pool on the surface of the plate. The water retained in the channels even after 
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surface purging by compressed air for about one minute. The hydrophilic treated plate (left 
of the figure) became instantly wetted when water touched the surface. All the water 
entered channels without blocking any of them, and excess water tended to spread along 
individual channels. The water vaporized after surface purging by compressed air for about 
one minute. Lastly, for the hydrophobic plate (right of the figure), water did not go into 
any of the channels, but rather formed into several water droplets standing on the surface 
of the plate while keeping most of the plate surface dry. Water was removed by simply 
tilting the plate as water droplets rolled off the surface. 
 
 




The principle behind the phenomenon is that hydrophobic surface provides larger contact 
angle for water (>150o) and hydrophilic surface gives smaller contact angle (<10o). Water 
tends to spread into water sheet with smaller contact angle and accumulate to form droplet 
with larger contact angle [27, 108]. It should be noted that hydrophobic surface also 
changes the moving behavior of water flow [109]: water on the hydrophobic surface is 
rolling than typical flowing by gravity and external forces. 
 
To provide accurate and reproducible results, each set of tests was performed three times. 
Figure 39 shows an example of repeated test results for the baseline plate, presented in 
terms of the pressure drop multiplier, the ratio of the 2-phase pressure drop and single-



















Figure 39 Example of experiment repeatability 
 
The result demonstrates good repeatability for all conditions and coating profiles. We did 
however observe that the later tests in each series took slightly more time to thaw (usually 
less than 60 seconds). This phenomenon, also described in our previous work [97], could 
be due to the lack of a purging process for each set of experiments conducted with the same 
surface coated plate, and thus the residual water present in the non-active region from the 
prior run could affect the flow field water behavior. The curves in Figure 39 indicate 
approximately 35 minutes were required for complete thawing of the baseline plate at room 
temperature. After the initial freezing, the pressure drop remained at maximum level with 
the differential pressure transducer upper bound (5 psi; 34 kPa), then sharply dropped to 
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the same level at the unfrozen condition, even though the cell hadn’t yet reached ambient 
temperature. 
 
Figure 40 illustrates the pressure drop multipliers for hydrophobic modified plates with the 
comparison to the baseline test. Due to the measurement range limit of the differential 
pressure transducer, we omitted data acquired in the initial (frozen) part of the experiment, 
before the differential pressure began to drop. Also, because of the high level of 
repeatability and consistent delay of thaw time observed throughout the experimental 
campaign, only the results of the second experiment in each series is presented in Figure 
40 through Figure 43, which could be a good representative of average result. It was found 
that the complete thawing times of hydrophobic modified plates were longer than the 
baseline plate, with the outlet area coated plate having the next shortest thawing time, 
followed by the entire flow field, 1 tunnel, and all tunnels coated. Longer thawing time 
reflects more water exists in the flow field, it could be found flow field with hydrophobic 
outlet tunnels held the most water and hydrophobic outlet non-active area had the least 
water content in these hydrophobic plates. The result points out that hydrophobic coatings 
helped to hold more water in flow field than baseline unmodified flow field. In addition, 
this may also indicate that water is more likely to be trapped in the outlet tunnels where the 
flow field connects to the exhaust manifold. The result also indicates that the water 
management should be focusing on the region of the channel-to-manifold interface. This 
region covers the end of the bipolar plate from where liquid water exits the fuel cell active 
area, and the entrance of stack exhaust manifold where excess reactant flows from 





Figure 40 Pressure drop multiplier for hydrophobic surface tests with comparison to 
baseline test 
 
As mentioned before, the change of pressure drop reflects the total water content in the 
flow field. However, it does not clearly quantify the gas flow that can be attained as a 
function of time. Therefore, to complement the differential pressure measurement, we also 
monitored the actual gas flow rate through the flow field. Figure 41 shows the measured 
flow rates starting from the beginning of the thawing process, with the gas flows initially 
completely blocked by ice. Between 1200 and 2300 seconds after the start of the thawing 
process, the flow rates shot up rapidly to the level commanded by the mass flow controller. 
The peak values present here result from the overshoot in the mass flow meter indication. 
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The data indicate the time required to thaw at least one open flow path for the hydrophobic 
treated flow fields. The time for the flow field to begin to “breath” was shortest for the 
outlet area coated plate, followed by the baseline, entire flow field, 1 tunnel, and all tunnel 
coated plates. It can be seen that for all the tested plates including the baseline, the gas 
flows reached their stable values prior to the differential pressures falling to the single-
phase level (Table 5). Once a gas flow path was initially open, the thawing process was 
accelerated in the immediate vicinity until the entire commanded flow rate could be 
accommodated. However, because part of the flow field continued to be blocked with ice, 
the cross-sectional area available for the flow was still severely constrained, thus leading 
to differential pressure that remained high. As the differential pressure dropped, more of 
the flow field became clear of ice and liquid water until the single-phase value was attained. 
 




Table 5 Summarized results of hydrophobic and hydrophilic coating experiments 
Plate coating configuration 
Time to maximum air 
flow (sec) 
Time to single-phase 
ΔP (sec) 
Baseline 1954 2120 
Hydrophobic 
1 tunnel 2324 2696 
All tunnels 2375 3051 
Outlet 1278 2228 
Full plate 2434 2531 
Hydrophilic 
1 tunnel 2398 2581 
All tunnels 2398 2747 
Outlet 2283 2824 
Full plate 44 2690 
 
Figure 42 shows the differential pressure multiplier for hydrophilic coated plate 
experiments with the comparison to the baseline test. It can be seen that all the hydrophilic 
treated flow fields required more time to completely thaw and be clear of ice and water, 
which reflected the presence of more water accumulated in the flow field. The time 
required to reach single-phase drop (Φ = 1) was shortest for the baseline plate, followed by 
1 tunnel, all tunnels, entire flow field, and outlet area coated.  This order may indicate that 
increasing flow field areas covered by hydrophilic coating tend to hold more water due to 
the action of spontaneous imbibition that facilitates strong wicking action into the corners 
of the flow field channels and outlet regions with small geometric features [110]. For the 
full plate coated case, water injected in the middle of the flow field (Figure 33) spread 
upstream of the injection point, thus increasing the surface area available for evaporation. 
This explains why the plate with hydrophilic coating at the outlet had slightly higher time 





Figure 42 Pressure drop multiplier for hydrophilic surface tests with comparison to 
baseline test 
 
Figure 43 illustrates the flow rate results for the hydrophilic treated flow fields. It can be 
seen that all flow fields with some level of hydrophilic coating remained at least partially 
opened after freezing, as there were non-zero gas flows measured immediately from the 
start of the thawing process. The entire hydrophilic flow field has essentially unrestricted 
gas flow from t=0, which indicates that the hydrophilic entire flow field would have the 
least negative effects when starting up from sub-freezing temperatures. The other 
hydrophilic treated flow fields also have unblocked gas channels that would facilitate the 
thawing process. It is especially notable that a measurable benefit was observed when 
coating only a single outlet tunnel. When starting up from sub-freezing conditions, once 
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there are reactants go through the flow field, the electrochemical reaction begins and the 
generated thermal energy helps to heat up the whole fuel cell system. Another observation 
is that, except for the case of the entire hydrophilic flow field, the hydrophilic outlet non-
active area requires less time to attain nominal gas flow rate. This was also observed in our 
hydrophobic experiments and confirms our previous conclusion that the outlet non-active 
area plays a significant role in water management for PEM fuel cells. 
 
 
Figure 43 Flow rates for hydrophilic experiments with comparison to baseline test 
 
Figure 44 shows the flow fields after testing for three kind of surface: baseline, 
hydrophobic treated, and hydrophilic treated. The baseline plate presented an uneven water 
distribution, and the water residue was clogged in several channels. The hydrophilic treated 
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plate had a wet surface and water residue in channels, but the water did not block the 
channel completely due to its smaller contact angle, there was still space for reactant to go 
through. The hydrophobic treated plate had the least water content compare to the others; 
however, the formed water droplets were stuck in channels. With constrained space such 
as the individual channel, the water could hardly be removed due to the large contact angle. 
 
 




3.6. Chapter summary 
Due to the poor understanding of two-phase transport in PEM fuel cell microchannels, 
there is a need to investigate the relationship between the channel properties and the water 
transport behavior. Moreover, the water management at the region of the channel-to-
manifold interface has received insufficient attention. This region covers the end of the 
bipolar plate from where liquid water exits the fuel cell active area, and the entrance of 
stack exhaust manifold where excess reactant flows from individual cells is combined to 
exit the stack. For practical applications, because of the consumption of gas reactants 
especially at the anode, there is a small driving force to expel liquid water from this part of 
the fuel cell. Under severe operating conditions such as cold weather and freezing 
temperatures, the accumulated water could form ice layers that limit or even inhibit the 
internal chemical reaction. As a consequence, the ice layer builds additional flow resistance 
and can lead to carbon electrode corrosion under severe anode starvation conditions. 
Understanding the gas and liquid two-phase flow behavior is the key to understanding how 
water accumulates at the non-active outlet area as well as the channel-to-manifold interface, 
and how water transport can be controlled in the absence of significant gas momentum. 
This dissertation part aims to analyze the two-phase transport behavior in an operating 
PEM fuel cell to quantify the accumulated liquid water within flow field and provide 
potential water mitigation strategies. 
 
In this section of dissertation work, we have developed a promising model to estimate the 
two-phase pressure drops by known channel attendants for micro-channels in PEM fuel 
cells. But the accumulated water volume inside the flow field is still not available with the 
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model. To solve this problem, we utilized the principles of homogeneous equilibrium 
model and neutron imaging experiment to estimate the water volume in the flow field. The 
strategy is to treat the accumulated water as an occupant in the channel that takes the place 
of certain portion of channel volume. Based on this methodology, we calculated the water 
volume by utilizing the principle of the homogeneous equilibrium model. The two-phase 
pressure drop calculated from our model was applied to calculate the channel aspect ratio 
α. Then the average water thickness would be the difference between actual channel depth 
and the calculated channel depth. At last, we got the water volume by using the average 
water thickness multiple by the effective channel area. It is found that the ex-situ model 
data show satisfactory agreement with our quantitative neutron imaging experimental data. 
 
More importantly, hydrophilic/phobic treatments of the bipolar plates were investigated to 
identify the effectiveness of water mitigation through ex-situ experiments which were 
performed using a dedicated freezing test rig. This study seeks to characterize the water 
transport behavior for flow field with various locations of hydrophilic/phobic treatments. 
Differential pressure and going-through gas flow rate were measured as indicators to 
address the strategies of water mitigation for PEM fuel cells. It was found that hydrophilic 
treated flow fields provide better performance, as water accumulation can be readily 
mitigated and has less chance to cause channel-scale blockages. The work explored the 
effectiveness of water mitigation and freeze/thaw process for PEM fuel cell flow fields by 
hydrophobic/hydrophilic treatments. The purpose was to provide an advanced freeze/thaw 
solution for PEM fuel cells startup under sub-freezing temperatures. According to our 




 Hydrophilic treatment of bipolar plates helps to prevent complete reactant 
channel blockage under sub-freezing temperatures by maintaining at least one 
channel opened to facilitate gas flow. It is expected that even a small amount of 
reactant flow would aid the start-up process by initiating the electrochemical 
reaction and generating waste heat. This implies that application of hydrophilic 
bipolar plate coating may simplify the stack start-up/shut-down process and 
potentially minimize costs associated with purging or including extra 
components to minimize heat loss. 
 Hydrophobic treatment of bipolar plates does not appear to have the same 
benefit offered by hydrophilic treatment. A small amount of water residue can 
cause significant blockage to the reactant channels because the constrained 
micro-channel space restricts the movement of water droplets. 
 The water mitigation strategies should focus on the non-active outlet area, 
especially for the anode. There may be cost-saving opportunities in utilizing 
bipolar plate manufacturing processes that make only part of the outlet region 
hydrophilic.  
 
3.7. Research contribution 
This part of the dissertation research first explored the two-phase transport behavior by an 
empirical approach based on correlation between differential pressure and channel–level 
water present in the PEM fuel cell flow field, then developed a model to estimate the water 
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content in flow field, validated by quantitative data from neutron images. The second part 
of this phase of the work evaluated the water mitigation effectiveness of 
hydrophobic/hydrophilic treated flow fields to enhance the cold start capability of PEM 
fuel cells. The contributions and novelty include: 
 Quantified the water content in a PEM fuel cell flow field using measurements of 
channel two-phase flow quality and differential pressure. The two-phase transport 
model developed in this research is capable of quantifying the water volume in 
PEM fuel cell flow field, and the results showed good agreement with neutron 
imaging data. 
 Evaluated the water mitigation effectiveness of PEM fuel cell for various surface 
energy modification locations, and concluded for the first time that only one 
hydrophilic coated channel in the anode channel-to-manifold transition could 




4. Economic analysis of fuel cell systems in material handling equipment deployed 
at product distribution centers 
4.1. Introduction 
With the rapid development of technology and increasingly serious environmental 
problems, there is a growing awareness of the importance of sustainable development. 
Moreover, the extensive use of fossil fuels for power has resulted in many negative 
consequences. Some of those include severe pollution, extensive mining of the world’s 
resources, and political control and domination of countries that have extensive resources. 
Developing and deploying renewable energy systems (or clean energy systems) can be a 
promising solution that helps to reduce greenhouse gas emissions as well as preserve 
natural resources. For corporations that operate large product distribution centers, the 
conventional lead-acid battery powered material handling equipment (MHE) contributes 
20-30% of facilities’ total consumption in terms of energy use and associated costs 
(including maintenance and operation cost). Additionally, the characteristics of lead-acid 
batteries, such as decreasing power output during discharging and prolonged recharging 
and cooling hours, can substantially affect the overall productivity of these facilities. Lastly, 
the optimum operating temperature range (25-40 0C) desired by lead acid battery systems 
is much narrower than the practical working conditions [111], especially for those cold 
ambient temperature facilities such as fresh food storage warehouses. The low temperature 
operation could significantly reduce the performance and cycle life of battery systems in 




Large product distribution centers represent an interesting sector to study for 
implementation of sustainable energy technologies, due to their relatively high energy 
demand and continuous 24-hour operation throughout the year. Moreover, in the case of 
large corporations, similar distribution centers may be located throughout the U.S. or 
globally, and each center must operate in a functionally equivalent manner despite wide 
variations in factors that can affect the viability of sustainable energy systems: availability 
of local sunlight and wind resources, prevalence of severe weather events, cost and 
availability of conventional energy resources, etc. Therefore, once an organization has 
committed to a greenhouse gas (GHG) reduction program for their facilities, several 
questions must first be addressed: 
 
 What optimal combination of currently available sustainable energy technologies 
can achieve the greatest reduction in GHG emissions? 
 How would this optimal combination of technologies vary geographically to 
account for variations in natural resource availability, climatological conditions, 
and cost of conventional energy resources (e.g., electrical grid, natural gas, etc.)? 
 What is a realistic timeline for transition of a building or industrial facility from 
conventional energy resources to sustainable energy systems, comprehending both 
technology readiness level (TRL) and total cost of ownership (TCO)? 
 What additional innovations can provide the greatest progress toward minimizing 





In addition, there is a significant global activity in assessing and optimizing distributed 
energy systems in so-called “microgrid” architectures, which in principle enable operation 
completely independent of the primary electrical grid. A shortcoming of such an approach 
is that many renewable energy systems are intermittent by nature, and thus supply and 
demand are often out of phase. This necessitates the implementation of energy storage, but 
few options exist for cost-effective, large-scale storage. One attractive alternative is to use 
hydrogen as an energy storage medium, because it offers the possibility for storage at 
relatively high volumetric density, and hydrogen is readily utilized in various energy 
applications of immediate interest in large product distribution centers. 
 
Traditional lead-acid batteries are the most common power source for material handling 
equipment (MHE), especially for indoor motive power applications. Compared to 
conventional internal combustion engines, lead-acid batteries provide higher efficiency and 
lower (or zero) greenhouse gas emissions in terms of energy utilization and environmental 
impact. The key features of lead-acid batteries include: low cost, mature technology with 
adequate supply, low self-discharge, and capability of high discharge rates. However, the 
prolonged recharging time and the requirement of additional cooling time significantly 
decrease the productivity of these systems. Additionally, the relatively high maintenance 
and battery room associated costs could make lead-acid batteries less competitive with 
other choices of power source, especially for long-term service period. Further, the low 
temperature operation could significantly reduce the performance and cycle life of battery 
power systems that negatively affect the capability of battery MHE in cold ambient 
temperature applications such as fresh food storage warehouses. Fuel cell technology has 
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been developed over the past several decades and has already been commercialized for 
material handling applications. Though deployment of fuel cell MHE requires higher 
capital and hydrogen fuel related costs, the benefits from reduced labor/maintenance costs 
along with increased productivity and lifespan can overcome the high initial investment 
and make fuel cell system an economically viable choice for material handling equipment. 
Additionally, fuel cell systems suffer relatively little performance loss from cold ambient 
temperature environment which makes it compatible with full range of MHE applications. 
In addition to fuel cell systems, recently released lithium-ion battery systems can be 
another option for material handling applications. Compared with lead-acid batteries, 
lithium-ion batteries feature longer battery lifespan, higher energy density, less or zero 
maintenance requirement, wider range of operation temperature, and shorter recharging 
time. 
 
A fuel cell is an electrochemical device that directly converts the chemical energy into 
electricity from externally supplied fuels like methanol or hydrogen with an oxidant. This 
direct chemical to electrical energy conversion provides a significantly higher efficiency 
than conventional thermal processes. Theoretically, the fuel cell has the capability of 
producing electrical energy for as long as the fuel and oxidant are supplied to the electrodes. 
Various fuel cell technologies have been developed for different applications, with the 
primary differences being (a) type of electrolyte material used, (b) nominal operating 
temperature, and (c) hydrogen purity requirement. With the growing concern over 
sustainable development and the depletion of fossil fuel resources, fuel cells have become 
one of the rapidly evolving renewable energy technologies because of their attractive 
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features, including low greenhouse gas (GHG) emissions, high reliability, and efficient 
energy utilization [115]. Fuel cells can be a promising solution in that they directly convert 
chemical energy into electricity with only pure water produced during the electro-chemical 
reaction. Beside all the benefit that the lead-acid battery system can provide as described 
above, fuel cells require no battery room to recharge/store the power units and they can be 
refilled within 3 minutes. Additionally, fuel cell power systems suffer no performance 
decrease effect during the operation that they generate constant power as long as there is 
fuel supplied. Compared to lead-acid battery powered MHE, fuel cell MHE could offer: 
 Constant power output: Fuel cells provide better performance during lifting 
operations. 
 Increased productivity: Minimum personnel downtime. 
 More commercial space: Compact fueling stations replace large battery rooms. 
 Environmental friendly: Zero emissions at the point of use, with the only by-
products being water, heat, and electricity. 
 
On the other hand, battery technology has also continued to evolve, and lithium-ion 
batteries are no longer only suitable as portable power sources, but are now driving new 
markets in the areas of electric vehicles and MHE applications [116]. Compared to lead-
acid batteries, lithium-ion batteries provide significant advantages: 
 
 longer cycle life  
 better performance in a wider range of temperatures, with no voltage sag  
 higher recharging rate (about 4-5 hours) with reduced cooling time (15 minutes) 
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 most importantly, require little or even zero maintenance. 
 
Both fuel cell and lithium-ion battery systems offer advanced performance and enhanced 
durability over lead-acid battery systems, but the latter still dominate the MHE market. The 
main reason is that most decision makers still believe that lead-acid batteries might be the 
low-cost option for MHE applications. Though the deployment of fuel cell MHE requires 
higher capital and hydrogen fuel costs than battery MHE, considering the increased 
productivity, reduced labor and maintenance costs, as well as extended life span, fuel cell 
MHE can be economically competitive with current battery MHE in long-term operation. 
In addition, as an emerging technology, lithium-ion battery MHE also holds a potential to 
replace lead-acid battery MHE in terms of performance and reliability, and it is being 
continuously developed. NREL (National Renewable Energy Laboratory) has published 
their study on fuel cell MHE [12] in terms of total cost of ownership to demonstrate their 
economic viability, and lithium-ion MHE battery manufacturers also claim their product 
can be economically competitive with lead-acid battery in long term operation. However, 
likely due to confidentiality concerns, neither NREL nor lithium-ion battery manufacturers 
provide detailed information about their materials, system design, or methodologies. 
Furthermore, their research results provide a more general comparison to lead-acid battery 





Figure 45 Fuel cell MHE deployment from 2009 to 08/2014 
 
As an early market demonstration of U.S. DOE (Department of Energy), fuel cells for MHE 
applications have received considerable attention by industry. As a result, the small amount 
(~700 units) of DOE funded fuel cell MHE led to over 10-fold increase in industry 
deployments of fuel cell MHE from 2009 to 2014 (Figure 45) [117]. Furthermore, there 
are presently commercially-ready and well developed systems on the market, with 
measurable improvement in total cost of operation and system efficiency. 
 
There are four main companies that provide fuel cell units and services for MHEs: Plug 
Power, Nuvera, Hydrogenics, and Oorja Protonics. The first 3 companies offer PEM fuel 
cell stacks as direct power source for MHE, while Oorja Protonics focuses on direct 
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methanol fuel cell (DMFC) working as an onboard battery charger. In this research, we 
focused on Plug Power because they have the largest number of fuel cell MHE 
deployments in the U.S., complete fuel cell MHE solutions, and willingness to share their 
latest technical data. 
 
 
4.2. Literature review 
Based on our initial review, there is ample evidence that fuel cell MHE is cost- and 
performance- competitive with conventional lead acid and more advanced lithium-ion 
battery systems, and may therefore have potential for near-term implementation in a 
product distribution center. From extensive analyses published by the National Renewable 
Energy Laboratory (NREL). Fuel cell MHE is already being deployed by companies with 
large distribution facilities, including Wegmans, FEDEX and Whole Foods [12, 118]. 
Deployments in the MHE and telecommunications sectors (the latter for emergency back-
up power) have been concentrated in the Northeast and west coast of the U.S.. A number 
of technical journal papers have been published recently which quantify the relative 
economic and environmental benefits of fuel cell material handling equipment. The most 
impactful references from this literature are summarized below. 
 
 Renquist et al. [118] made economic comparisons among 4 types of forklifts: fuel 
cell, conventional battery, and 2 fast-charging conventional battery systems (15kW 
and 30kW chargers). The results of the analysis were represented by the value of 
net present cost (NPC) and it was found that battery forklifts might be better than 
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fuel cell forklifts from the perspective of purely economic impact. However, the 
analysis didn’t take into account some critical factors that would significantly affect 
this result, such as fuel cell technology incentives, extra fast charging cost and time, 
as well as the variation of labor cost for different locations. 
 
 Ramsden [12] provided total cost of ownership analysis for Class I, II, and III MHE. 
It was concluded that Class I and Class II fuel cell MHE can reduce total cost of 
ownership by 10%, while Class III MHEs can achieve 5% cost reduction. The 
higher capital cost of fuel cell MHE can be overcome by their extended service time 
and lower operating cost that make them a promising alternative to conventional 
battery forklifts. Moreover, larger size fleets (over 100 forklifts) offers greater cost 
savings. 
 
 Kurtz et al. [119] provided presentation slides that first demonstrated the outcome 
of the U.S. Department of Energy’s influence on accelerating the deployment of 
PEM fuel cell systems, ultimately leading to at least 5 times the number of 
additional purchases and orders without DOE funding. They presented their 
preliminary assessment of fuel cell MHE compared to conventional battery forklifts: 
1.5 times lower maintenance cost, 8 times lower refueling labor cost, and 2 times 
lower net present value of total system cost. The presentation also indicated that 
fuel cell forklifts possess significantly less cost for refueling labor and 





 Gaines et al. [120] evaluated fossil fuel, battery and fuel cell forklift systems in 
terms of energy use and emissions. It was concluded that the displacement of fossil 
fuel forklifts with battery and fuel cell systems offers significant reduction in 
energy use, petroleum imports, and GHG emissions. Low-carbon production of 
hydrogen for fuel cell forklifts and clean grid electricity for battery forklifts can 
further lower the associated environmental impacts. Moreover, hydrogen from 
renewable energy sources makes fuel cell power more attractive over battery power. 
They also indicated that the lower fuel cell forklift refueling labor cost might help 
to overcome its higher capital cost compared to battery forklifts. 
 
 Larriba et al. [121] investigated the feasibility of using fuel cell forklifts as an 
alternative to conventional battery forklifts from both technical and economic point 
of view. They determined that fuel cell forklifts can be a feasible and reliable option 
from the technology perspective, as fuel cell systems feature several advantages 
over battery systems (e.g. rapid refueling, constant power output, etc.). Moreover, 
their analysis indicated that the bigger the fleet the greater the economic benefit the 
fuel cell system can achieve. Moreover, the paper also suggested that case-by-case 
investigation is necessary before making the decision of shifting to fuel cell MHE, 
according to their sensitivity analysis. Some of the critical parameters to consider 




 Lastly, the U.S. Department of Energy (DOE) has produced a fuel cell MHE fact 
sheet [122] to compare PEM fuel cells against batteries for Class I and II forklifts 
in large, multiple-shift facilities. The findings suggest that, for both classes, fuel 
cells offer a lower total cost of ownership, which includes benefits such as lower 
down-time, less floor space, tax credits and longer operating life. It was also noted 
that as the technology matures, fuel cells will only become more appealing as costs 
improve and hydrogen supply grows. Besides the cost advantages, fuel cell MHE 
would also substantially reduce GHG emissions during its lifetime. 
 
To enhance public awareness and help accelerate the commercialization of fuel cell 
technology in the early market-penetrating period, a DOE fuel cell report from 2007 [123] 
gives information about fuel cell markets at the time, including early PEM fuel cell MHE 
testing which showed good results even then. Survey data also showed significant 
increasing forklift user awareness and concerns about the fuel cell technology. Plug Power 
[124] has produced a whitepaper addressing some common misconceptions about fuel cell 
technology. Referencing studies by the U.S. Department of Energy, it explained how fuel 
cells can make financial sense, are safe, and can be reliably supplied with hydrogen. 
McConnell [125] conducted MHE economic analysis, supplemented by real-world 
numbers shared by fuel cell users in North America. Also discussed in this report was the 
important role played by hydrogen suppliers in making these devices economically viable. 
Research and development being performed in other parts of the world, particularly 
Scandinavia, Japan and Australia, was given a high-level review as well. The U.S. DOE 
provided an overview of the proliferation of fuel cell technology in the U.S. [126] that 
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included a section specifically addressing material handling equipment. It pointed out areas 
with notable fuel cell MHE growth and which companies were supplying the devices. Plug 
Power and Oorja Protonics were the major contributors cited, with Plug Power clearly 
dominating the market. Curtin and Gangi [127] discussed the positive monetary and 
ancillary impacts fuel cell MHE can provide for a business. Some of the cited benefits 
include reduced grid dependence, reduced environmental impact, and smaller space 
requirements. The paper also listed a large number of companies which have various kinds 
of fuel cell applications under development. Ballard Power System, a fuel cell stack 
producer partnered with Plug Power, produced a white paper [128] on the potential 
economic benefit that fuel cell material handling systems can deliver and factors that 
impacted that result. The cited benefits agree with other research, and concluded that a fuel 
cell MHE fleet is most practical for large, multiple shift facilities. 
 
There are also a number of publicly available case study results demonstrating the cost 
benefits of fuel cell MHE from Plug Power [129-132]: 
 A new Sysco facility started a fuel cell MHE program in 2008 with Plug Power, 
and this case study captured some of the high-level information from their 
experience. The Houston facility ordered 98 Plug Power GenDrive ™ fuel cells that 
were estimated to save approximately $24,000 per fiscal quarter. 
 
 UNFI engaged Plug Power on a retrofit of an existing large, high throughput facility 
and eventually deployed in 2009 65 GenDrive ™ units. Improvements in charging 




 A large Wegmans ™ retail service center in Pottsville, PA purchased 83 GenDrive 
™ units from Plug Power in 2010 to counteract rising electricity costs. Overall 
operating cost savings are projected to be between 42 and 48%, including 
maintenance, repairs and electricity. More details are provided in Appendix A. 
 
 A Central Grocers multi-shift distribution center was constructed in Joliet, Illinois, 
and the decision was made to utilize fuel cell technology from the start. The facility 
ordered over 140 GenDrive ™ units and has been satisfied with their decision, 
especially in regard to lower floor space requirements and safety. 
 
4.3. Statement of research 
All the literature described above focused on the comparison of battery and fuel cell MHE 
in terms of total cost of ownership, specifically of the MHE itself. Their analyses presented 
less comprehensive results without significant data source descriptions, specific facility 
information, availability of incentives, and the configuration of existing MHE fleets. Each 
of these factors could significantly affect the economic impacts of various MHE power 
technologies. In addition, the above analyses applied total cost of ownership as the primary 
evaluation factor, but none of them considered the time value of money into the research 
when dealing with economic analysis for a period of time. As a result, there is a need for 
comprehensive analysis that not only focuses on MHE, but also comprehends the facility 





To fill the knowledge gap, this part of the dissertation research focused on analyzing the 
economic impact of converting traditional lead-acid battery MHE to fuel cell powered 
MHE for large distribution centers in terms of life cycle cost (net present cost). 
Additionally, the emerging lithium-ion battery technology was also added into the 
comparison to extend the analysis. The main research objective was to evaluate the 
economic benefits of traditional lead-acid battery systems and alternative MHE solutions 
within a framework for decision makers considering new or converted MHE fleets. The 
work first identified the key cost elements associated with distribution center operation, via 
facility tours, email surveys, and telephone conferences. Then “best practice” distribution 
center operation data were obtained from industry representatives for specific facilities and 
the real-world cost information from system manufacturers (fuel cell and lithium-ion 
battery). Lastly, life cycle cost (net present cost) analysis was performed to determine 
whether it would be economically feasible to transition from conventional lead-acid battery 
MHE to one of the alternative MHE options. The strategy included two main parts: utilizing 
target conventional lead-acid battery MHE facility’s data as a baseline, and then analyzing 
the data for PEM fuel cell and lithium-ion battery systems from both manufacturer data 
and facilities that have already deployed these MHE technologies to match the target 
facility’s utilization level and MHE fleet configuration. The goal was to provide a 
quantitative analysis of life cycle cost to determine whether it would be economically 
feasible to transition from conventional lead-acid battery MHE to one of the alternative 
MHE options. This research was the first study to consider the time value of money in the 
analysis. In addition, the work filled the research gap that no prior study has conducted an 
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economic analysis among lead-acid battery, fuel cell and lithium-ion battery MHE with 
consideration of the specific fleet configuration. 
 
4.4. Feedbacks from companies who already deployed fuel cell MHEs 
Table 6 lists the companies with known fuel cell MHE deployments. Email surveys have 
been sent to those companies with known fuel cell MHE deployments and a tour to an 
office products retailer (OPR) distribution center located at Montgomery, NY was 
conducted, including a representative from a PEM fuel cell MHE manufacturer. The 
preliminary cost components for comparing the economic impacts between fuel cell MHE 
and battery MHE have been identified: 
 
• Fuel cell & battery acquisition costs 
• Forklift acquisition costs 
• Fueling vs. charging infrastructure costs 
• Forklift & fuel cell, battery related maintenance costs 
• Utility costs 
• Labor costs 
• Floor space requirements & costs 
• Refueling vs. recharging time 
• Equipment life spans 
 
Table 6 Companies with known fuel cell MHE deployments 
Wegmans Stihl Walmart 
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Baldor Specialty Foods IKEA Sysco Foods 
BMW Manufacturing Co. Kimberly-Clark/GENCO Testa Produce 
Bridgestone-Firestone Kroger Co. Unified Grocers 
Central Grocers Lowes United Natural Foods, Inc. 
Coca-Cola Martin-Brower U.S. Foodservice 
CVS Mercedes Ace Hardware 
EARP Distribution Nestle Waters Golden State Foods 
East Penn Manufacturing Nissan North America Whole Foods Market 
FedEx Freight Proctor and Gamble WinCo Foods, LLC 
 
Survey responses were received from two companies, hereafter referred to as “Company 
#1” and “Company #2”. The Company #1 experience with fuel cell MHE was 
communicated via a telephone conference. The conference call was held with 
representatives a large distribution facility operated by the regional grocery chain. This 
facility has completely converted their MHE fleet to fuel cells, and they shared some of the 
highlights of their experience, as outlined below in Table 7. There are also a number of 
published reports of the conversion to fuel cell MHE at this facility (e.g. [133-136] ). 
Company #2 responded to our survey directly via email communication (Table 8). 
 
Table 7 Fuel cell MHE experience shared by Company #1 via telephone conference 
At the end of 2009, Company #1 began to contact Plug Power for information about 
PEM fuel cell MHE. 
Employees prefer fuel cell MHE because it is more convenient than battery powered 
MHE; the batteries need to be cooled after recharging before they can be used again. 
Also, batteries never performed better because of the inconsistent power supply. 
Fuel cell MHE can provide full power from start of operation to the end of hydrogen 
supply, unlike batteries that experience voltage loss during operation. 
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Fuel cells save time and labor compared with batteries. For batteries, a minimum of 10 
minutes is required to change the battery pack. For fuel cell MHEs, 2.5 minutes refilling 
time is needed. 
FC MHE lasts at least 6 years, while battery MHE lasts about 4 years. 
The main cost as well as difficulty comes from the additional infrastructure required for 
the conversion from battery MHE to fuel cell MHE. 
The strategy of Company #1 conversion from battery MHE to fuel cell MHE is to choose 
the warehouse/distribution center that needs to replace equipment to convert to a 
complete FC MHE facility. The “retired” battery MHEs go to recycle/remanufacture 
pathway and the “still working” battery MHEs go to other facilities, or sold to other 
companies. 
Although fuel cell MHEs are still a new technology, they have worked fine for a long 
time according to the experience of Company #1. 
The biggest weakness of fuel cell MHE compared to battery MHE: Battery MHE 
continues to operate when something is wrong within the system. On the other hand, the 
controls of the fuel cell MHE shuts down its entire system when there is something 
wrong within the system, and thus the facility has to prepare spare units for backup. 
There is a need to identify insignificant and non-safety related problems so that fuel cell 
MHE can still work when minor problems are encountered. 
FC MHEs save “battery room”. About 12,000 ft2 was saved in new construction from 
conversion of battery MHE to fuel cell MHE. 
Company #1 has experienced no decrease in MHE units with conversion from battery 
MHE to fuel cell MHE because of the rapid growth of their business. 
Economic benefit: FC MHE saves 25% of O&M cost compared with battery MHE. 
The cost of FC truck and battery trucks are the same. 
Fuel cell MHE: no issues for PEMFCs for 10 years, constant voltage, and no electronic 
problems. 
The fuel cell stack can be directly plugged into the battery forklift (replace the battery 
pack) and added weight component if there is counterweight requirement. 
 
Fuel cell MHE experience shared by Company #1 from another facility via telephone 
conference 
Components for a FC MHE site: Fuel cell units for MHE; Hydrogen fueling 
station/dispenser; Hydrogen storage/generation systems; Indoor space for fueling 
station/dispenser; Outdoor space for hydrogen storage/generation systems. Air Products 
covered the infrastructure cost of hydrogen storage/generation system with a 10 years 
agreement of purchasing hydrogen from Air Products. However, the outdoor pad for the 
hydrogen storage and generation system was provided by Company #1, as well as the 
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cost of running electrical and plumbing lines throughout the building for the fueling 
stations. 
The fuel cell units are supplied by Plug Power and the hydrogen related infrastructures 
as well as hydrogen fuel are supplied by Air Products. 
This facility was built in 2004 and started with a 6-years lease of battery MHEs. After 
the end of battery lease, the facility required more equipment due to the increasing 
business and decided to deploy fuel cell MHE in this facility. During the transition, those 
“still working” battery MHEs as well as infrastructures were deployed to neighboring 
distribution centers. 
There were some supply problems with fuel cell MHE at the beginning of deployment 
due to R&D progress (2010). There is no issue about that at present status and the fuel 
cell MHE could provide an average of 95% service efficiency according to the Company 
#1 5-year experience with fuel cell MHEs (service efficiency = uptime/(uptime + 
downtime). This efficiency includes non-fuel cell related failures, and they estimate a 
greater than 99% fuel cell uptime. 
Fuel cells can work 15-20 hours per fueling event, which substantially reduces the 
refueling frequency. The facility worked 1 shift/day with battery MHEs and now works 
3 shifts/day with fuel cell MHEs. 
In case there would be problems with fuel cell units, the facility has to prepare spare 
units as backups. In this facility, there were 6 fuel cell units/stacks prepared as backups 
for 226 units of fuel cell MHE. 
Economic benefit: FC MHE saves 25% of annual cost compared with battery MHE 
according to Company #1 5-year experience. The greatest cost benefit comes from 
reduced maintenance and operation costs. 
The maintenance is completed by OEM. There are 2-3 PEM fuel cell MHE manufacturer 
technicians on-site. Company #1 opted to have OEM staff to do the maintenance. 
Hydrogen sensors are located at each dispenser as well as fuel cell MHE. There is no 
need for additional safety equipment. 
Fuel cell MHE refueling procedure is quite straightforward and there is no need for extra 
training for MHE operators. Each refueling station has an ID system that prevents 
unauthorized operation, and features a data collection function for further 
analysis/diagnosis. Training for the use of the refueling station takes less than 1 hour. 
No requirement for additional ventilation or heating subsystems. The area of each 
refueling equipment itself is 15 ft2, but the refueling area for each station should be 
around 450 ft2, based on the requirement of a 15-foot radius safety zone. 
The water generated by fuel cell reaction is collected when stopped at refueling stations. 
There is a 100-gallon tank for each station to store generated water. The stored water can 
be used for floor cleaning. 
There is no regulatory safety paperwork done by Company #1, as would be required for 




Table 8 Fuel cell MHE experience shared by Company #2 via email survey 
Question Company response  
Overall fuel cell MHE experience? Positive 
% Conversion to MHE? 75% to date 
Is expansion of your fuel cell program 
planned? 
Yes, with automatic guided vehicle 
(AGV) system though not currently 
supported by fuel cell 
Reasons for conversion to FC MHE? 
Energy Efficiency, reduction of propane 
emissions 
Has FC MHE reduced energy costs? No 
Is energy consumption data before and 
after conversion available? 
No 
What are the main reduced costs? Labor (refueling and Maintenance), 
What is the ROI period? Not calculated 
Hydrogen production? 2 onsite hydrogen generators 
How long does a fuel cell last before 
needing to be refilled? 
 
We run a 24/7 operation. The length 
between fuel cell refilling depends on the 
type of equipment (sit down forklifts and 
pallet jacks will need refueling every 4-7 
hours; turret trucks will need refueling 
every 3-5 hours.) 
Were there any unexpected problems 
while transitioning to fuel cell MHE? 
Not currently 
What are the associated safety issues with 
fuel cell MHE as well as the refueling 
station? 
Flammability of fuel 
Have any of the fuel cells you purchased 
failed? 
Yes 
Fuel cell failure frequency? 
Initially, they failed often due to the 
compressor. Improvements to quality have 
reduced the frequency of failures. 
How does their durability compare to 
batteries? 
Cannot Quantify due to short term 
deployment of 2 years and no replacement 
yet. 
Quantity of battery packs assigned to 
MHE 
2-3 
Battery recharging time? 8 hours, plus 8 hours cooling 
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When are batteries swapped? 20% remaining charge 
Battery replacement time? 10-20 minutes 
Who oversees battery management 
program? 
Warehouse manager 
Is there a dedicated recharge and storage 
area? 
Yes 
Size of charging and storage area? 450 ft2 
What are associated safety concerns with 
battery MHE? 
Contact with acid and gas emissions 
 
4.5. Cost elements of traditional lead-acid and emerging lithium-ion battery MHE 
facilities  
To develop a comprehensive cost model for battery powered MHE fleets, it is critical to 
first identify the key cost elements and the associated operational information for battery 
MHE facilities. The baseline lead-acid battery MHE and facility data was obtained from 
an office products retailer (OPR), who had plan to replace their lead-acid battery MHE 
with PEM fuel cell MHE. There are four candidate facilities from different locations: NY, 
PA, MD, and CA. The MHE fleet size, configuration, and utilization level are vary from 
each facility, see Table 9 below:  
 
Table 9 Fleet configuration for different facilities 
Facility location 

























































for 1 truck 




5 4 6  21 21  40 
Number of 
battery units 
for 1 truck 




16 0 12 8 12 14 37 20 
Number of 
battery units 
for 1 truck 




4 28 8 5 6 12 16 16 
Number of 
battery units 
for 1 truck 
3 3 3 3 3 3 3 3 
 
Table 10 shows the required information for battery MHE facilities, which battery prices 
and specifications provided in Table 11 and lead-acid battery MHE fleet data in Table 12. 
Lithium-ion battery and MHE fleet data are provided in Table 13, 14 and 15. 
 
Table 10 Required information for battery MHE facility 
Battery Pack Charging Infrastructure Operating Related 
Cost of Battery Pack 
($/kW) 
# of Charging Station Life Span of Battery Pack 
# of Battery Pack for 1 
MHE 
Charging Station Capital Cost of Electricity 
Safety Related Cost 
Floor Replacement Cost 
Operation Time (fully 
charged) 
Ventilation Cost Recharging Time 
















Battery end of life 
collection 
Indoor Space Cost 
Battery Washing Time & 
Frequency 
Floor resurfacing due to acid 
damage 
Labor Cost 
Maintenance Cost (Truck & 
Battery) 
 
Due to the lack of lithium-ion battery MHE facility information, the lead-acid battery MHE 
facility’s cost element was used as a template to represent the potential lithium-ion battery 
facility cost. Because lithium-ion batteries requires zero maintenance, the cost elements of 
contaminated water handling, watering/washing battery, floor resurfacing due to acid 
damage, battery washing time & frequency, and battery maintenance were eliminated in 
analysis of lithium-ion battery MHE. 
  
The refined list of cost components along with facility information for lead-acid and 
potential lithium-ion battery MHE facilities are shown in following tables. 
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Table 11 Lead-acid battery price and specifications 
 



















































































































































Volume of battery pack 
(Ah) 
625 750 875 875 600 1000 600 600 
GB Industrial Battery 
[137]  Price of battery pack 
($/unit) 
4056 4544 5204 6998 2724 5910 2724 2724 
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Table 12 Lead-acid battery MHE fleet related information 
Battery Charging Station Infrastructure Data source: 
Quantity of charging stations 1 
NY facility manager 
estimation 
Indoor space of charging station (sq ft/1 
batt. Station) 
2000 
Cost of Indoor space ($/sq ft) 3 
NY facility manager 
estimation 
Charging station capital:  
Cost of battery rack ($/1 batt.) 100 
NY facility manager 
estimation 
Quantity of battery rack 80 NY facility 
Cost of battery moving trolley ($/1 batt. 
station) 
6000 Solus Group [138] 
Cost of single battery charger ($) 1350 NY facility 
Cost of battery station software ($/year) 1000 
NY facility manager 
estimation 
Ventilation cost:  
Cost of Ductwork ($/one station) 5000 
NY facility manager 
estimation 
Cost of ventilation fan ($/one station) 4500 
Industrial Fans Direct 
[139] 
Quantity of ventilation fan for one 
charging station 
1 NY facility 
 
Operating Related Data source 
Average life span of battery pack (years) 4 [12] 






MHE operating time (hours with fully charged batt.)  
Minimum 4.5 
NY facility manager 
estimation 
Maximum 6.5 
Recharging time (hours) 
Minimum 5.5 
Maximum 8 
Recharging efficiency (%) 0.85 
[120, 140, 141] 
Discharging efficiency (%) 0.76 
Swapping time (minutes)  
First shift 5 
NY facility manager 
estimation 
Second shift 5 
Third shift 5 
Average waiting time for recharging (minutes)  
First shift 0 
NY facility manager 
estimation 
Second shift 5 
Third shift 0 
Travel time for recharging (minutes)  
Minimum 1 NY facility manager 
estimation Maximum 3 
Labor cost of battery charging station:  
Equivalent work hours for battery 
charging station (hours/day) 
8 
NY facility manager 
estimation 
Salary rate ($/hour): 35 
NY facility manager 
estimation 
 
Maintenance Related Data source 
Battery maintenance ($/year/unit) 721 Assumption 1 
MHE truck maintenance ($/year/unit) 2760 [12] 
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Battery charger maintenance ($/year/unit) 270 Assumption 2 
Floor retreatment cost:  
Frequency of floor retreatment (#/yearly) 0.5 
NY facility manager 
estimation 
Average hours of floor retreatment 
(hrs/one time) 
2 
Hourly labor cost for floor retreatment 
($/hour) 
35 
Cost of material for floor retreatment 
($/one time) 
600 
Paperwork related Data source: 
Battery age tracking & recording (eq. 
hours/year) 
40 
NY facility manager 
estimation 
Battery disposal paperwork (eq. 
hours/year) 
40 
Labor Cost for Paperwork ($/hours) 35 
 
Table 13 Lithium-ion battery specification 











1100 42.4 900 875 
 
Feedback from lithium-ion battery manufacturer 
1. Can lithium-ion batteries be recharged by the same charger that lead-acid batteries 
use, or do they require a specific charger? 
It depends.  Lithium-ion batteries typically have a different voltage range than Pb-acid 
for the same nominal voltage. Also, since lithium-ion batteries have higher energy 
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density and can be charged faster, one often uses a higher power charger to take 
advantage of this. 
2. How many sets of lithium-ion battery packs are needed for a MHE truck? (for 
example, lead-acid battery MHE requires 3 packs: one for use, one for recharging, and 
one for cooling) 
Good example, yes a Pb-acid battery may take 8 hours of charge time, an 8 hour cooling 
period, then be deployed, or 1 shift per 24 hours.  A similar sized lithium-ion may takes 
only 4-5 hours charge, then only a small 15 rest period for cooling before using.  So 
lithium packs would be available every other shift, therefore maximizing up time of the 
equipment. An additional feature of lithium-ion is opportunity charging, so if an operator 
goes on a 10 min break period, he can opportunity charge for these 10 minutes with no 
bad side effects for the battery. 
3. Does each of lithium-ion battery packs require a battery management system module? 
Can you tell us the battery management system module price if possible? 
Yes, each lithium battery pack requires a BMS.  But the size of the pack can vary, 
anywhere from 1 module to 100 modules depending upon the capacity and voltage 
requirements.  But only 1 BMS is needed to operate the pack.  The BMS would range in 
cost from $875 to $1,250, depending upon volumes. 
4.  Is it true that the lithium-ion battery requires zero maintenance?  Is there any special 
operation procedure when dealing with lithium-ion battery packs? 
True, there is no maintenance for the lithium-ion battery pack for up to 3,000 – 4,000 
cycles.  Temperatures should be monitored, as high and low extremes can have an effect 
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on battery life; however, lithium-ion batteries have a wider temperature operating range 
than Pb-acid. 
5. I heard there was a transportation restriction on lithium-ion batteries (may be 
outdated); is the transportation restriction still a problem with current lithium-ion 
batteries for MHE?  
Not a restriction, a requirement for all lithium batteries to follow UN38.3 procedures for 
shipping. 
6. Is lithium-ion battery for MHE a mature technology now? Or can there still be some 
improvements? 
I would say lithium-ion is an emerging technology for material handling.  Lithium-ion 
will find its value in automated MHE where maximizing up time is most important. 
7. I went to find the specifications of various industrial battery chargers in the area of 
MHE applications, and none of them is qualified for fast charging ("higher power") of 
MHE lithium-ion batteries. I was wondering can your lithium-ion battery be charged by 
electric vehicle chargers, such as level 1 or level 2. Or is there any specific charger for 
your lithium-ion battery? 
We did an extensive search on chargers to see which ones were compatible with lithium-
ion.  You have to have the correct charger profile, constant current to constant voltage 
to shut off, as well as the correct voltage range and power.  We did not use level 1 or 2 
EV chargers as they are built to the voltage range of the specific vehicles. We have found 




Table 14 Lithium-ion battery price and configuration 
 

























































































































































Number of lithium-ion cells for matched 
truck (#) 
40 49 57 76 26 65 26 26 
Price of battery pack ($/unit) 36875 44975 52175 69275 24275 59375 24275 24275 
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Table 15 Lithium-ion battery MHE fleet related information 
 Data source: 
Total numbers of battery 
chargers 
1686 NY facility matched 
Cost of single battery charger 
per cell ($) 
215 Assumption 3 [142] 
Maintenance cost for single 
battery charger ($/year) 
43 Assumption 2 
Average life span of battery 
pack (years) 
6 lithium-ion battery 
manufacturer 
Battery cooling time (hours) 0.25 
 
Assumption 1: According to NREL’s report on material handling equipment [12], the 
average annual lift truck maintenance cost is $2760 per truck and their average cost for a 
baseline truck (without battery pack) is $25,000.  Also, from this report, the average cost 
for a single battery pack is $4800 and the annual maintenance cost is $1800 [12]. Another 
recent study showed an average $150/month ($1800/year) for battery maintenance cost for 
a $2300 battery pack [143]. It seems the annual $1800 maintenance cost (such as fluid level 
monitoring and preventing corrosion) represents a reasonable average cost of all kinds of 
MHE battery units. However, according to our survey to lead acid battery fleets, the 
maintenance cost is much lower than public available data, which includes monthly 
watering, preventive maintenance (PM) conducted four times per year, and average annual 
maintenance cost from history data. The total of the 3 components is $721 per year. In our 
analysis, we applied real market price of battery units and assumed annual maintenance 




Assumption 2: For battery charger, we assumed a 30% of capital cost as its annual 
maintenance cost [144].  
 
Assumption 3: Lithium-ion batteries typically have a different voltage range than lead-
acid batteries for the same nominal voltage.  In addition, since lithium-ion batteries have 
higher energy density and can be charged faster, the chargers would have a higher power 
to take advantage of this. In this research, we take the recommended charger model from 
lithium-ion battery manufacturer [145]. 
 
Assumption 4: The cost of lithium-ion battery cells and battery management system (BMS) 
module depend upon volumes: from $1,500 to $900 and $1,250 to $875, respectively. In 
this research work, we applied high volume values that is $900 for lithium-ion cell and 
$875 for BMS. 
 
Assumption 5: We assumed a liquid hydrogen supply as the hydrogen source for this 
analysis. 
 
4.6. Cost elements of fuel cell MHE facility 
According to the information obtained from facilities that have already deployed fuel cell 
MHE, there are 3 main components for a fuel cell MHE fleet: fuel cell units for MHE; 
hydrogen fueling station/dispenser; and hydrogen storage/generation systems. Based on 
this information, we identified the cost elements and associated operation information for 




Table 16 Required information for PEM fuel cell MHE facility 
PEM fuel cell MHE fleet 
Capital Cost Operating Related Space Related 
Fuel Cell Stacks 
Life Span of Fuel Cell Stack 
Indoor Space for Filling 
Station 
Cost of Hydrogen 
Outdoor Space for H2 
Infrastructure 
Operation Time (fully 
charged) 
Indoor Space Cost 
Fuel cell MHE 
Infrastructure 
Refill Time Outdoor Space Cost 
Hydrogen Infrastructure Waiting Time for Refilling 
Safety Related Cost 
# of Fueling Station Refill Frequency (daily) 
Fueling Station Capital Refilling Labor Cost 
Federal Tax Credits 
Maintenance Cost 




Table 17 Fuel cell price and specifications 
 



















































































































































Fuel cell MHE tank capacity 
(kg H2) 
1.1 1.4 1.7 3.4 0.7 1.7 0.72 0.72 
fuel cell MHE 
manufacturer 
Price of fuel cell pack ($/unit) 29900 29900 29900 21000 26900 26900 14500 11000 
Plug Power 
representative 
Annual maintenance cost ($) 1524 1524 1524 1404 1404 1404 1524 1524 
Tax credit (48) 8970 8970 8970 6300 8070 8070 4350 3300 
Effective price of fuel cell 
pack ($) 
20930 20930 20930 14700 18830 18830 10150 7700 
139 
Table 18 Fuel cell MHE fleet related information 
 Data source: 
Hydrogen installation cost per system ($) 3571 
Plug Power 
representative 
Hydrogen Monthly Service Charge (MSC) ($) 15000 
Hydrogen price ($/kg) 4.75 
Indoor space of refueling station (ft2/1 battery 
Station) 
160 
Cost of Indoor space ($/ft2) 3 
Estimation 
outdoor space of hydrogen station (ft2/1 battery 
Station) 
2000 
Cost of Indoor space ($/ft2) 3 
Average life span of fuel cell pack (years) 6 Plug Power 
representative Spare power units 3 
 
Based on the identified cost components for the 3 different material handling equipment 
power sources, a comprehensive MHE model has been created to evaluate the distribution 
of cost elements, the net present cost, as well as the productivity level for each technology. 
The goal is to help determine the most cost-effective and sustainable solution among the 
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Quantity of MHE trucks
Number of battery units for 1 truck*
*how many battery units needed for 1 truck? (for example, 1 pack for working + 1 pack charging + 1 pack cooling = 3 units. We have leaned that some truck reqire 2 battery packs together to work and in that case 
there may reqire other more packs to be charged and cooled.) 
Quantity of battery units
Price of battery pack ($/unit)
Annual maintenance for MHE truck ($/1 truck) 
Annual maintenance for lead-acid battery ($/1 battery pack) 
Fuel cell MHE capacity (kg)
Average hours of floor retreatment (hrs/one time)
Cost of material for floor retreatment ($/one time)
Battery disposal paperwork (eq. hours/year)
Floor retreatment cost:
Hourly labor cost for floor retreatment ($/hour)
Paperwork associate:
Total numbers of battery chargers
Cost of Indoor space ($/ft2)
Cost of single battery charger ($)
Deep charging frequency (#/year)
Average life span of battery pack (years)
Battery discharging efficiency (%)
Frequency of floor retreatment (#/year)
Deep charging time (hrs.)
Battery cooling time (hrs.)
Maintenance cost for single battery charger ($/year)
Current lead-acid battery MHE
Class 1 Class 3
Volume of battery pack (Ah)
Total numbers of battery chargers
Price of battery pack ($/unit)
Run time (fully charged battery) (hr.)
Battery recharging time (hours)
Swapping time (minutes)
Average wating in line time for recharging 
Average travel time (round trip) for recharging 
Number of battery units for 1 truck*
*how many battery units needed for 1 truck? (for example, 1 pack for working + 1 pack charging = 2 units. We have leaned that some truck reqire 2 battery packs together to work and in that case there may reqire 
other more packs to be charged and cooled.) 
Quantity of battery units
Class 1 Class 2 Class 3
Battery age tracking&recording (eq. hours/year)
Labor Cost for Paperwork ($/hours)
Lithium-ion battery cell specification
Class 2
Indoor space of charging station (ft2/1 battery Station)
Run time (fully charged battery) (hr.)
Battery recharging time (hours)
Battery cooling time (hrs.)
87590042.4
Single cell Price ($) BMS Price ($)Maximum Current (Ah)
Maintenance cost for single cell battery charger ($/year)
Average life span of battery pack (years)
Total numbers of battery charging plugs
Battery room labor rate ($/hour)
Battery room daily working hours (hr.)
Battery room annual working days (days)
Number of BMS for 1 battery pack
Indoor space of charging station (ft2/1 battery Station)
Cost of Indoor space ($/ft2)
Cost of single battery charger per cell ($)
Number of lithium-ion cells for matched truck(#)
Lead-acid battery MHE capacity (Ah)
Average life span of fuel cell pack (years)
Spare power units
MHE monthly electricity consumption (kWh):
Indoor space of refueling station (ft2/1 battery Station)
Cost of Indoor space ($/ft2)
outdoor space of hydrogen station (ft2/1 battery Station)
Cost of Indoor space ($/ft2)
Hydrogen Monthly Service Charge (MSC) ($)
Hydrogen price ($/kg)
Run time (fully tank) (hr.)
Refueling time (hours)
Price of fuel cell pack ($/unit)
Annual maintenance cost ($)
Tax credit (48)
Effective price of fuel cell pack ($)
Hydrogen installation cost per system ($)
Number of fuel cell units for 1 truck*
Quantity of fuel cell units
Lithium-ion battery MHE
Fuel cell MHE
Class 1 Class 2 Class 3
Total numbers of battery racks
Cost of battery rack ($/1 battery slot)
Cost of battery station software ($/year)
Cost of battery moving trolley ($/1 batt. station)
Price of electricity ($/kWh)
Battery room labor rate ($/hour)
Battery room daily working hours (hr.)
Battery room annual working days (days)
Battery charging efficiency (%)
Cost of Ductwork
Cost of ventilation fan 
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The formulas as well as calculations involved in the model are described below: 
 
Nomenclature: C  represents the cost; Q  indicates the quantity; V  is the voltage of 
battery; Ah  is the capacity of battery; Wh  represents the energy of power systems;   is 
the charging efficiency and   is the discharging efficiency; .Deg represents the 
degradation rate; .usefulCap  is the useful capacity of battery packs; Cy  represents the 
cycle life; lifetimeH  demonstrate the total lifetime;   is the percentage of remaining 
capacity at the end of life. 
 
Assumptions: 
1. According to the communication with lithium-ion battery manufacturer, the cycle 
life of lithium-ion battery is 3000-4000 cycles. However this cycle number was 
obtained under 25 0C at constant 0.5C discharging and charging rate, which would 
not represent the actual cycling profile under practical operation conditions [146, 
147]. In this work, we used half of the indicated value as the cycle life of lithium-
ion battery. So that the total hours of lithium-ion battery life for MHE is consistent 
with the survey responses from the distribution centers. 
2. For fuel cell MHE, the total lifetime is assumed as 20,000 hours, and the end-of-
life performance degradation is 10% [148]. 
3. The remaining capacity at the end of life for battery systems is assumed as 80% of 
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(Eq. 12) 
 
For the lithium-ion batteries, the manufacturer provides individual lithium-ion cells that 
can be stacked as battery packs, which power the forklift trucks. Each lithium-ion battery 
pack requires a battery management system (BMS) to control charging/discharging cycles. 
Additionally, due to lithium-ion battery’s high ratio energy to weight, we assumed the 
capacity of the matched lithium-ion battery packs is twice that of the traditional lead-acid 
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(Eq. 14) 
 
The capital cost of the battery charging station consisted of cost elements for indoor space, 
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.Ventilation Ductwork Ventilation fanC C C   
(Eq. 17) 
 
. .Water system Pipework Water storageC C C   
(Eq. 18) 
 
.inf .Emergency rastructure Eyewash stationC C  
(Eq. 19) 
 
The annual cost of battery MHE facility included cost elements for maintenance, battery 
room manager, electricity, and others (water cost, floor retreatment, etc.). 
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int . . int . . int . intMa enance Annual battery ma enance Annual truck ma enance Other ma enanceC C C C     
(Eq. 20) 
 
The cost of electricity or hydrogen was estimated from frequency of changing/charging 
events (refueling) and the number of battery packs or fuel cell units in operation: 
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The quantity of daily recharge times is based on the communication with facility warehouse 
manager. The strategy of this analysis is to match the same utilization level with the target 
facility where they currently use lead-acid battery MHE, so the daily recharge times of 
potential lithium-ion MHE was calculated based on the energy demand of lead-acid battery 
MHE: 
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The daily refill times of fuel cell MHE was based on the energy demand of the existing 
lead-acid battery MHE deployed at target facilities: 
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The equivalent energy of fuel cell MHE is the 15 kWh per kg H2 [120]. 
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With all the identified cost elements, we are able to perform the life cycle cost analysis (net 
present cost) for both battery MHE fleets and fuel cell MHE fleet. Similar to the concept 
of total cost of ownership, the net present cost represents the cumulative cost of various 
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MHE fleets, but with consideration of time value of money over a period of time. The 
formula shows below:  
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where t is the time of the cash flow and i is the discount rate. 
 
Because of the variation of energy density among the three MHE power technologies, the 
overall life cycle cost (net present cost) represented limited information without the 
associated evaluation of productivity when dealing with economic impacts. In this research, 
we used the ratio of effective energy delivered to total cost of ownership to demonstrate 
the productivity for each technology, which helped understand how much energy can be 
harvested with the money invested and thus more fully quantify the economic impacts. 
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(Eq. 28 is the typical formula for calculating the energy generated from each type of MHE. 
However, lead-acid battery, lithium-ion battery, and fuel cell systems have significant 
differences during their lifetime in terms of energy generation. The lead-acid battery 
system has 1200 cycles of charging/discharging life, which is equivalent to 6600 hours life 
time, and suffers from linear voltage decrease in service time which results in 76% 
discharging efficiency, as well as linear capacity fading after each charging/discharging 
cycle [152]. According to previous statement, a lithium-ion battery system in this analysis 
has 1750 cycles of charging/discharging life, which is equivalent to 21,387 hour life time, 
and also suffers from linear capacity fading after each charging/discharging cycle [153]. 
Fuel cell MHE systems has 20,000 hours service time [148] and suffers from linear 
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(Eq. 29) 
The daily degradation rate was calculated from hourly degradation rate based on the daily 
demand operation hours: 
 














Because the degradation rate was assumed to be linear change, the total energy delivered 
can be expressed by average energy delivered: 
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(Eq. 32) 
 
Because the projected facility operation year is more than the power systems’ lifetime, so 
there involves power system replacement activities, the total energy delivered can be 
calculated by: 
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where the “int[]” function gives the integer part of a decimal number, and the number is 
always rounded down ; the “mod[]” function returns the remainder. 
 
It should be noted that the configurations for each type of MHE are different. The MHE 
trucks require from 1 to 3 packs of lead-acid battery that depend on the facility’s utilization 
level, which results in different lifetimes of potential lithium-ion battery and fuel cell 
systems. To deal with this lifetime variation, the model was constructed to be capableof 
separately calculating the delivered energy for each type of MHE and then using the 












  [units of kWh/$] 
(Eq. 34) 
In addition to the productivity at year 20, the model also provides the productivity data as 
a function of year, which is available in the Appendix. 
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4.7. Results and discussion 
In addition to data for a currently deployed battery MHE fleet, we also obtained energy 
consumption data from the office products retailer (OPR) which operates a large product 
distribution center in Terre Haute, IN. A tour was also conducted of a large warehouse 
facility of the same company located in Montgomery, NY (direct observation documented 
in the Appendix). 
 
Figure 47 Total energy consumption of battery chargers from January to May 2014 





Figure 48 Total energy consumption of battery chargers for Mar. 2014 
(office products retailer facility in Terre Haute, IN) 
 
 
Figure 47 and Figure 48 show representative data for total energy consumption of battery 
chargers that directly indicate the electricity consumption for battery MHEs in the Terre 
Haute, IN facility. The black lines are the electricity consumption in kWh during workdays 
(Mon-Sat) and the red lines represent electricity consumption on Sundays. It was observed 
that the MHEs work 6 days a week and take off on Sundays as shown by the decreasing to 
minimum electricity consumption. Moreover, the energy consumption curve for each 
workday follows a similar trend: first increasing at the beginning of the day, then reaching 
its peak value at around 3 pm, and finally decreasing by the end of the day. This indicates 
a multi shifts work schedule, and the full utilization of the fleet occurs at early afternoon. 
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With the latest Company #3 utility data, we also computed the battery MHE electricity 
consumption as a percentage of the total facility consumption (Figure 49). It was found 
that battery MHEs account for around 9% of total electricity consumption. 
 
 
Figure 49 Portion of battery MHE energy consumption in total utility 
 
The comprehensive cost model for large distribution center contains all the critical cost 
elements for three MHE power options: traditional lead-acid battery, lithium-ion battery, 
and fuel cell MHE for four different facilities of the office products retailer summarized 
below. These facilities were identified by the office products retailer as being the most 
likely to consider an MHE technology shift in the near future. However, note that none of 
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these facilities had the same sub-metering available to generate the data for MHE electricity 
consumption as illustrated in Figure 47 and Figure 48.  
 
Table 19 Comparison of facility size and fleet size 
Location Facility size (ft2) Total number of MHE 
NY 765,980 80 
PA 651,700 97 
MD 1,018,000 119 
CA 500,000 95 
 
 Figure 50 and Figure 51 show the comparison among three solutions in terms of total 




Figure 50 Comparison of capital cost for NY facility 
 
In this research work, we added capital costs of MHE truck (without power unit) into the 
model. The reason is that there should be certain amount of spare units for fuel cell MHE 
fleet as a backup according to the PEM fuel MHE manufacturer. However, it has not to be 
the complete truck and fuel cell pack combination (only fuel cell packs can also do the 
work), we added extra trucks for the purposes of easy access, safe storage of fuel cell units, 
and capability of achieving rapid back-to-work status when a system fails. It can be seen 
from Figure 50 that the lead-acid battery fleet requires the lowest initial investment, as 
expected. The lithium-ion battery fleet requires the highest initial investment and a 
significant portion of this cost (including MHE truck cost) is spent on lithium-ion battery 
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system itself. The initial investment required for fuel cell MHE fleet is higher than lead-
acid battery MHE fleet but significantly lower than lithium-ion battery MHE fleet. 
 
 
Figure 51 Comparison of annual cost for three fleets for NY facility 
 
Figure 51 compares annual operation and maintenance (O&M) costs for lead-acid battery 
MHE fleet, lithium-ion battery MHE fleet, and fuel cell MHE fleet. It can be observed that 
though lead-acid battery packs and chargers are the low-cost choices, the annual cost is 
significantly higher than lithium-ion battery and fuel cells. The battery management cost 
of lead-acid battery, including swapping and recharging of the batteries, contributes to over 
half of total annual O&M cost. The annual cost of fuel cell MHE fleet remains the least 
and most of it comes from the hydrogen purchase. The lithium-ion battery fleet has 
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moderate annual cost, with battery charging labor and electricity purchase accounting for 
a large portion of the cost. It should be clarified that the large amount of energy 
(electricity/hydrogen) cost from lithium-ion battery fleet and fuel cell fleet are caused by 
their higher energy density and the model’s assumption that all the MHE are in full load 
conditions. Taking the NY facility as an example, lead-acid battery could only be charged 
twice per day because there are only two battery packs assigned to one truck. Lithium-ion 
batteries possess twice the energy density of lead-acid batteries, and can be charged less 
than one time per day to ensure its continuous service. Fuel cell MHE features quick 
refilling and it can be refilled whenever needed within 3 minutes. In addition, fuel cell 
MHE and lithium-ion battery MHE would do more work than lead-acid battery MHE 
because they possess higher discharging efficiency. 
 
In Figure 52, net present costs are presented for all three fleets over a 20-year time scale to 
see the life cycle cost as a function of time with assumed 8% of internal rate of return. The 
error bars for both battery MHE systems essentially represent the range of battery changing 
labor cost; 50% variation was assumed to understand how labor cost per changing would 
affect the total cost of ownership. For PEM fuel cell case, the lower bar indicates the 
situation where there is a 30% of government incentives for investment of fuel cell 
technology and assume the hydrogen price is relatively low ($3/kg). However the 
government incentives ends at the last day of 2016, so the upper bar for PEM fuel cell case 
does not contain incentives but only higher hydrogen price ($10/kg). It can be observed 
that the lithium-ion battery fleet presents a higher net present cost compared to the other 
two technologies. Fuel cell MHE fleet and lead-acid battery MHE fleet have similar net 
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present value curves, the economic feasibility depends on the actual labor cost of battery 
fleet and the hydrogen price for the fuel cell fleet.  
 
 
Figure 52 Comparison of net present cost for NY facility 
 
Figure 53 demonstrates the productivity comparison of three technologies for the NY 
facility. It can be seen that the fuel cell MHE has the highest energy-to-cost ratio while 
lithium-ion battery has the lowest productivity level. The figure indicates that fuel cell 
MHE would get more work done at the same amount of investment under most situations. 
Along with data in Figure 52, at current labor cost rate and hydrogen price, fuel cell MHE 
could be more cost-effective than the other two options. Again taking the NY facility as an 
example, if the facility itself does not desire for higher utilization of MHE, they can reduce 
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the consumption of hydrogen (e.g. refill the tank every two days) or reduce the fleet size. 
Either way would help to reduce net present cost of fuel cell MHE fleet. However, both 
solutions have limitations:  
 
 If the facility requires a fixed configuration of MHE fleet, reducing the MHE trucks 
becomes impossible to achieve. 
 Due to the fixed monthly service charge (MSC) of hydrogen supply, reduced 
hydrogen consumption by low MHE utilization won’t help with the total cost for 
small scale MHE fleet. 
 
 
Figure 53 Comparison of productivity for NY facility 
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Figure 54 through Figure 65 below show the comparisons for the other three facilities in 
different locations in terms of capital cost, annual cost, net present cost, and productivity. 
 
 








Figure 56 Comparison of net present cost for PA facility 
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Figure 58 Comparison of capital cost for MD facility 
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Figure 60 Comparison of net present cost for MD facility 
166 
 




Figure 62 Comparison of capital cost for CA facility 
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Figure 64 Comparison of net present cost for CA facility 
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Figure 65 Comparison of productivity for CA facility 
 
From the above figures, they all show the same trend with NY facility that lead-acid battery 
MHE requires the lowest capital cost but highest annual cost. The fuel cell MHE always 
possesses highest productivity level. It was found that the MD facility has similar result 
with NY facility in terms of net present cost which indicates lead-acid battery could be the 
most cost-effective solution for these two facilities with the current data set. On the other 
hand, the net present cost results of PA and CA facilities indicate that fuel cell MHE has 
potentially lower cost than the traditional lead-acid battery MHE. The reason is that there 
are more battery packs assigned to 1 MHE truck in PA and CA facilities than NY and MD 
facilities that reflects a higher MHE utilization requirement, which results in more battery 
swapping activity and thus increase in the labor cost. Additionally, the increased utilization 
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requirement indirectly decreases the total hydrogen cost due to the hydrogen monthly 
service fee for this specific hydrogen supply strategy. Table 20 shows the equivalent 
hydrogen cost for each of the facilities. 
 
Table 20 Equivalent hydrogen price 
Equivalent hydrogen price (kg/$) 
NY facility 8.83 
PA facility 7.71 
MD facility 8.17 
CA facility 6.97 
 
From the result of analysis with current data sets, the net present cost of lithium-ion battery 
MHE fleet for all the candidate facilities are always the highest. The main cost comes from 
the lithium-ion battery itself. Though lithium-ion battery MHE requires the least annual 
maintenance cost, it cannot overcome the lithium-ion battery acquisition cost even for long 
term operation. The fuel cell MHE fleet has a similar net present cost curve as the lead-
acid battery MHE fleet for NY, PA, and MD facilities, but the result is highly dependent 
on the labor cost of battery change and hydrogen price, respectively, which can be seen 
from the overlaps of error bars between both curves.  
 
In the CA facility analysis, the fuel cell MHE dominates the other two battery MHE options 
in terms of the net present cost. The major difference between CA and the other facilities 
is the MHE utilization level which is reflected in the number of battery packs assigned to 
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one truck (see Table 9). The higher utilization level results in more battery change/swap 
activities that increase the labor cost of the battery room. Additionally, the higher 
utilization level reflects higher demand for electricity or hydrogen, the CA has a higher 
electricity rate than others that increases the annual cost of battery MHE options. On the 
other hand, the increased hydrogen demand helps to decrease the equivalent hydrogen price 
with the current hydrogen supply strategy (hydrogen unit price with fixed monthly service 
fee) for the fuel cell MHE option. Thus, the required utilization level of MHE in CA facility 
is the primary cause of the significant difference with other candidate facilities. 
 
To conclude, based on the current data set, the high acquisition cost of lithium-ion battery 
packs is the most important factor that prevents lithium-ion battery MHE from being 
economically competitive with lead-acid battery and fuel cell MHE options. With low to 
medium utilization level, the fuel cell MHE and lead-acid battery MHE could be 
economically competitive, depending on the labor cost of battery change/swap and the 
price of hydrogen, respectively. However, for high utilization level facilities, the fuel cell 
MHE processes significant advantage over the battery MHE options in terms of net present 
cost and productivity. 
 
The comprehensive MHE cost model described above uses direct data for a currently 
deployed lead-acid battery fleet as baseline and then compared to PEM fuel cell and 
lithium-ion battery MHE which matched the utilization level and fleet configuration of the 
baseline case. This quantitative analysis provide cost information in terms of capital 
investment, annual cost, net present cost over time, and the productivity data (ratio of 
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energy and cost) for specific large distribution facilities. It was found that fuel cell MHE 
could be a cost effective choice for large distribution centers that work multi-shifts, require 
high productivity, and prefer long in-service time. The option of opportunity charging (i.e., 
quick “top-off” of charge when the operator is near the charging station), short recharging 
time, and no battery room requirement may make lithium-ion battery a better choice for 
facilities with single-shift work schedule, small scale fleet, and low utilization requirement.  
 
It should be noted that the result is heavily dependent on the accuracy of input data, a minor 
variation of key cost elements such as power unit price, battery room labor cost, and MHE 
daily operation hours could generate large differences in model results. Despite the inherent 
variability of the results depending on the input data, this part of the dissertation work was 
successful in introducing an improved cost modeling algorithm and methodology to 
provide “best practice” results for large product distribution centers who seek to make the 
transition from conventional MHE technology to renewable MHE options. 
 
4.8. Chapter summary 
Product distribution centers are large commercial facilities that serve as central hubs for 
distributing products to local retail outlets. These facilities rely on mechanized material 
handling equipment (MHE), including forklifts and pallet jacks, to efficiently manage 
deliveries, move products within the facility, and then stage these products for shipment. 
Conventional MHE technology is based on lead- acid batteries that have a number of 
serious shortcomings including long charging time, limited battery function per charge due 
to voltage loss, and cost, complexity and space requirement for the charging infrastructure. 
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In this part of dissertation work, we developed a comprehensive cost model to evaluate the 
economic impacts of fuel cell MHE and lithium-ion battery MHE with comparison to 
conventional lead-acid battery MHE. Hydrogen fuel cells are electrochemical devices that 
directly convert chemical energy to electric current, and thus enable significantly higher 
efficiencies than conventional thermal processes. In large industrial facilities, there are a 
wide array of systems that could potentially be converted to fuel cells, including material 
handling equipment (MHE), stationary electricity generation with combined heat and 
power (CHP), and transport vehicles. This study focused on the MHE application, because 
there are presently commercially-ready systems on the market, with measurable 
improvement in total cost of operation and system efficiency. After critically reviewing the 
technical and product literature covering fuel cell MHEs, we surveyed large product 
distribution companies that are known to be using fuel cell MHE. With this foundational 
information, we analyzed the MHE operations in specific facilities in various locations 
with different characteristics. Combining “best practice” data from industry with in-house 
MHE operation data enabled formulation of a cost model for MHE deployment at these 
locations and across the U.S. The outcome of this analysis will provide valuable guidance 
in future research phases covering fuel cell stationary power, vehicle transport and 
hydrogen production via electrolysis powered by wind and solar energy assets. 
 
Lithium-ion battery MHE could be a good choice for small-scale and single-shift fleets as 
it can provide: 
 
 Opportunity charging option 
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 Short recharging and cooling time 
 Long cycle life 
 
Fuel cells MHE is an alternative electrochemical technology that avoids many of the 
problems experienced with battery systems especially for large scale and multi-shift fleets, 
and offers several distinct advantages: 
 
 Rapid refilling/recharging time 
 Constant power output 
 Reduced space requirement 
 High energy to cost ratio over the product life cycle. 
 
4.9. Research contribution 
This part of the dissertation work focused on analyzing the economic impacts of fuel cell 
systems in material handling equipment deployed in large distribution centers, with 
comparison to conventional lead-acid battery MHE. Additionally, the option of lithium-
ion battery MHE was also brought into the comparison. The novel contributions of this 
analysis stem from it being the first to consider lithium-ion batteries with lead acid batteries 
and fuel cells as competing MHE propulsion technologies. Moreover, it is the only known 
study to date to account for the time value of money in the economic analysis, and to 
consider the target facility fleet configuration using data acquired directly from large 
product distribution centers in various U.S. locations. 
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5. Conclusions and recommendations for future work 
This dissertation focused on investigating the gas and liquid two-phase transport in proton 
exchange membrane (PEM) fuel cells under low-temperature operating conditions and 
exploring the economic impact of transforming traditional lead-acid material handling 
equipment (MHE) to PEM fuel cell MHEs. The methods include ex-situ two-phase 
transport experiments, in-situ neutron radiograph imaging technique, and economic 
modeling. The main objectives of this work can be summarized as: 
 Evaluating low-temperature fuel cell performance, under conditions where 
significant liquid water may be present. 
 Developing a two-phase transport model to estimate the water content in PEM fuel 
cell flow field. 
 Advancing PEM fuel cell water mitigation strategies for channel-to-manifold 
transitions, with hydrophilic and hydrophobic bipolar plate treatments. 
 Comparing the economic impact of upgrading material handling equipment in a 
product distribution center: battery to fuel cell conversion. 
 
Chapter 2 described the principles of the neutron radiograph imaging technique along with 
in-situ experimental procedures. The purpose was to fill the research gap in investigating 
PEM fuel cell water management under the transition temperature (20 to 40oC), which 
significantly affects the reliability and durability of PEM fuel systems. It was found that 
water content does not appear to decrease monotonically with increasing temperature as 
one would intuitively expect. Secondly, there is more water existing under moderate 
current density testing conditions due to the imbalance between gas momentum and liquid 
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water force. Lastly, it was observed that water was rarely removed from the non-active 
outlet area of anode side, which emphasizes the significance of water management of PEM 
fuel cells that should focus on the anode side, especially at the outlet area and channel-to-
manifold region. 
 
In addition to the in-situ neutron radiograph imaging experiment, an ex-situ testing rig was 
deployed to better understand the fundamentals of two-phase transport behavior in the 
PEM fuel cell flow field. The ex-situ testing rig was continuously improved and upgraded 
to be capable of measuring manifold-to-manifold pressure drop, channel level pressure 
drop, and separate area pressure drops (inlet non-active area, active area, and non-active 
area) with controlled air and water flow rate. Furthermore, with high a resolution camera, 
the testing rig was also capable of capturing images of two-phase transport through a 
transparent top plate, and the water accumulation at the channel-to-manifold edge by side 
windows. This part of the dissertation research sought to fill the research gas in channel-
to-manifold region water management for PEM fuel cells. The water management in this 
region could not only affect the channel-to-channel water distribution in fuel cell flow field, 
but also affect the cell-to-cell water distribution in a fuel cell stack. 
 
The results of the ex-situ experiments were consistent with the in-situ experiments in that 
water tended to accumulate at the channel-to-manifold edge and affected the water flow 
distribution in the flow field. Further, it was found that small amounts of liquid water, such 
as would be present during conditions of low current density at relatively low cell 
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temperature, can significantly increase the pressure drop. But further increases in water 
flux had incrementally smaller influence on pressure drop. 
 
Chapter 3 further investigated the two-phase transport in PEM fuel cell and addressed the 
research gap in quantifying water content in PEM fuel cell flow fields with varying channel 
qualities and differential pressure. A comprehensive model was developed and utilized to 
estimate the water volume by monitoring the change of differential pressure across the 
entire flow field. Generally, there are two approaches to predict the two-phase pressure 
drop. One is known as the homogeneous equilibrium model that considered the two-phase 
transport as a pseudo single-phase fluid. The other approach is the so-called “separated 
flow” model that correlates the two-phase pressure drop to single-phase pressure drop by 
multiplying a two-phase flow friction factor. In this dissertation work, a new model was 
developed to estimate the two-phase pressure drops by known channel flow conditions for 
micro-channels in PEM fuel cells. After that, we principles of homogeneous equilibrium 
model were utilized to estimate the water volume in the flow field. The strategy was to 
treat the accumulated water as occupying part of the channel taking place of a certain 
portion of the channel volume. With calculated water thickness which represented the 
difference between actual channel depth and the calculated channel depth, it was possible 
to obtain the equivalent water volume in the flow field. It was found that the ex-situ model 
data showed adequate agreement with the quantitative neutron imaging experimental data. 
 
The second part of Chapter 3 addressed the research gap associated with PEM fuel cell 
cold startup strategies from the perspective of flow field, by exploring water mitigation 
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strategies for PEM fuel cells under sub-freezing conditions by surface modification 
methods. The current strategies for rapid start-up from freezing conditions include two 
main approaches: keep-warm, and thaw-heating. Though they are viable techniques, they 
add more components to the PEM fuel cell system which increase the system weight and 
complexity while decreasing the energy utilization efficiency. In this dissertation work, 
this water management issue was investigated at the material level, that is, by applying 
surface modification strategy to the flow field, which helped to minimize the water content 
in the cell, and thus minimize freezing start-up problems. Compared with operational 
control solutions, the material-level solution does not require additional components or 
energy input during service time, and thus substantially reduces the system weight and 
maintenance cost. It was found that hydrophilic treatment of bipolar plates helps to prevent 
reactant channels blockage under sub-freezing temperatures by providing at least one open 
channel o to facilitate gas flow. Hydrophobic treatment of bipolar plates keeps the flow 
field dry, however, a small amount of residual water can cause significant blockage to the 
reactant channels because the constrained micro-channel space restricts the movement of 
water droplets. It was further determined that water mitigation strategies should focus on 
the outlet non-active area, especially for the anode side of the fuel cell. 
 
Chapter 4 focused on the comparison of economic impact between PEM fuel cell MHE 
and battery MHE (lead-acid battery and lithium-ion battery) for large distribution facilities. 
The purpose of this part of dissertation work was to address the research gap associated 
with a lack of economic analyses of fuel cell MHE with consideration of the target facility’s 
fleet configuration and the time value of money. In this part of dissertation work, 
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collaboration with an office products company enable obtaining real-world data in terms 
of facility information (total utility usage, MHE electricity consumption, maintenance 
associates, and related costs, etc.). In addition, communication was made with facilities 
that had already deployed PEM fuel cell MHE to learn their experience with fuel cell MHE 
via email survey and conference calls. A comprehensive model was developed to compare 
the economic impact of battery MHE fleet and fuel cell MHE fleet. According to the results, 
several advantages of PEM fuel cell MHE were found over battery MHE: 
 Rapid refilling: Batteries have limited energy density and require substantial time 
to be recharged and cooled down before use. Fuel cells can be rapidly refueled 
within several minutes. 
 Constant power output: Batteries are prone to voltage drops during their power 
discharging and recharging. Fuel cells generate constant voltage as long as 
hydrogen fuel is supplied. 
 Reduced space requirement: Batteries require extra space for charging 
infrastructure and storage, while fuel cells have no similar requirements. 
 Zero emissions: the only by-products of fuel cell operation at point-of-use are water, 
heat, and electricity. 
 Low net present cost (total cost of ownership with time value of money): Though 
fuel cells have higher capital cost, their lower refueling and maintenance cost help 
to reduce the total ownership cost compared to battery MHEs. 
 
Based on the outcomes of this dissertation recommended areas of future work include: 
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 In-situ two-phase transport investigation: Due to the interaction of fuel cell 
functional components (GDL, MEA, and bipolar plate), explore the two-phase 
transport phenomenon in a working PEM fuel cell, which would be of great help to 
further understand the fundamentals of gas and liquid transport behavior and refine 
the two-phase transport model for PEM fuel cells. 
 Water management for PEM fuel cell stack: as discussed in the dissertation, water 
readily accumulates at the edge of the channel-to-manifold region and would be 
hard to remove relying solely on gas momentum. The water in this region does not 
only affect the channel-to-channel flow distribution within the flow field, it also 
affects the cell-to-cell flow distribution in the stack. Thus, there is a need to 
investigate the water management for full PEM fuel cell stacks, especially at the 
channel-to-manifold area.  
 Deployment of hydrogen power systems for large distribution centers: there is 
significant global activity in assessing and optimizing distributed energy systems 
in so-called “microgrid” architectures, which in principle enable operation 
completely independent of the primary electrical grid. A shortcoming of such an 
approach is that many renewable energy systems are intermittent by nature, and 
thus supply and demand are often out of phase. This necessitates implementation 
of energy storage, but few options exist for cost-effective, large-scale storage. One 
attractive alternative is to use hydrogen as an energy storage medium, because it 
offers the possibility for storage at relatively high volumetric density, and hydrogen 
is readily utilized in various energy applications of immediate interest in large 
product distribution centers. The fuel cell MHE could be the first step of 
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transforming traditional distribution facility to a more sustainable and energy 
independent facility. Further analysis could be applied to stationary electricity 
generation with combined heat and power (CHP); light-duty and heavy-duty 
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Appendix A - Raw data associated with figures presented in the main text 
Figure 2 Typical PEMFC polarization curve 












Figure 7 Variation of water volumes with current density for “wet” operating conditions: 























0.1 0.743 0.639 0.619 0.032 0.081 0.095 
0.4 0.554 0.507 0.504 0.057 0.059 0.073 
1.5 0.456 0.395 0.424 0.056 0.0571 0.062 
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Figure 11 Cell voltage changes caused by temperature variations around nominal control temperature (average of every 100 data 
points) 
20 ºC 25 ºC 30 ºC 35 ºC 
Temperature (ºC) Cell voltage (V) Temperature (ºC) Cell voltage (V) Temperature (ºC) Cell voltage (V) Temperature (ºC) Cell voltage (V) 
20.87 0.8448 25.06 0.8481 30.62 0.8517 35.70 0.8547 
20.71 0.8395 25.08 0.8434 30.79 0.8468 35.84 0.8496 
20.65 0.8371 25.15 0.8411 30.88 0.8444 35.92 0.8472 
20.61 0.8354 25.18 0.8394 30.95 0.8428 35.95 0.8455 
20.57 0.8347 25.21 0.8383 30.98 0.8419 35.96 0.8447 
20.55 0.8322 25.22 0.8363 30.97 0.8395 35.99 0.8424 
20.53 0.8314 25.24 0.8356 31.00 0.8389 35.99 0.8416 
20.50 0.8306 25.25 0.8349 31.01 0.8382 36.00 0.8409 
20.48 0.8300 25.26 0.8343 31.00 0.8375 35.99 0.8402 
20.48 0.8264 25.27 0.8307 31.00 0.8338 36.00 0.8366 
20.48 0.8248 25.28 0.8291 31.01 0.8324 36.00 0.8351 
20.47 0.8244 25.28 0.8288 30.99 0.8321 36.00 0.8348 
20.47 0.8240 25.28 0.8284 31.00 0.8317 36.01 0.8344 
20.48 0.8237 25.30 0.8280 31.00 0.8310 35.99 0.8340 
20.48 0.8232 25.31 0.8276 31.00 0.8306 36.01 0.8336 
20.48 0.8229 25.30 0.8273 31.01 0.8303 36.00 0.8331 
195 
20.48 0.8226 25.28 0.8269 31.00 0.8301 36.01 0.8326 
20.51 0.8222 25.29 0.8264 31.01 0.8295 35.99 0.8321 
20.53 0.8220 25.30 0.8260 31.01 0.8293 35.99 0.8318 
 
Figure 12 Evolution of the active area water volume at 0.1 A/cm2 for various temperatures 
Time (minute) 
Water volume (mm3) 
20 ºC _AA 25 ºC _AA 30 ºC _AA 35 ºC _AA 20 ºC _OL 25 ºC _OL 30 ºC _OL 35 ºC _OL 
1 330.65 329.85 376.84 394.30 96.38 126.63 114.92 130.23 
2 327.98 321.63 367.15 384.33 97.50 128.12 115.08 129.85 
3 323.31 316.61 361.45 374.00 98.00 125.95 117.93 127.30 
4 321.03 310.42 352.85 365.80 96.26 126.74 116.84 125.01 
5 317.82 308.38 348.99 361.52 95.68 126.81 114.50 124.83 
6 314.56 306.12 338.06 357.00 95.56 127.53 112.57 123.56 
7 312.33 302.68 330.86 351.38 94.68 126.69 110.00 124.23 
8 309.66 299.53 329.23 348.74 95.08 127.31 106.49 116.60 
9 309.94 298.12 324.93 345.53 93.53 126.53 101.85 115.54 
10 307.64 295.67 322.04 342.05 93.23 126.58 88.54 114.93 
11 306.64 291.70 319.86 337.05 93.66 126.25 88.21 114.18 
196 
12 307.73 291.68 316.95 330.48 92.46 127.34 87.09 110.87 
13 306.46 291.39 315.72 330.40 92.87 127.02 87.37 114.27 
14 304.10 289.82 314.33 327.62 92.96 126.90 87.40 116.58 
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Figure 13 Active area water content at the last 3 minutes of test 
Time (minute) 
0.1 A/cm2 
20 ºC 25 ºC 30 ºC 35 ºC 
1 307.73 291.68 316.95 330.48 
2 306.46 291.39 315.72 330.40 




20 ºC 25 ºC 30 ºC 35 ºC 
1 393.59 394.03 396.51 432.14 
2 397.15 396.79 398.95 434.13 




20 ºC 25 ºC 30 ºC 35 ºC 
1 353.62 350.23 348.46 351.60 
2 352.13 351.53 348.51 350.22 
3 352.60 351.82 349.87 350.28 
 
Figure 14 Summary of all data for active area water volume as a function of current 
density 
Current density (A/cm2) Cathode active area water volume (mm3) 
 20 ºC 25 ºC 30 ºC 35 ºC 
0.1 320.45 299.60 315.31 317.16 
0.4 392.83 363.77 399.30 384.57 
0.7 401.69 398.74 394.07 401.06 
1 357.13 371.74 362.49 372.70 
1.3 362.20 359.17 360.75 357.79 
1.5 360.42 359.85 363.82 356.29 
Current Density (A/cm2) Anode active area water volume (mm3) 
 20 ºC 25 ºC 30 ºC 35 ºC 
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0.1 307.08 293.06 318.97 335.52 
0.4 392.27 390.43 395.97 430.98 
1.5 353.37 350.23 348.51 351.02 
 























0.1 0.865 4.616 0.1 0.843 4.694 
0.4 0.928 6.541 0.4 1.020 6.454 
0.7 1.262 11.838 0.7 1.312 11.645 
1.0 1.270 15.545 1.0 1.387 15.425 
1.3 1.489 18.169 1.3 1.499 18.193 
1.5 1.729 19.924 1.5 1.720 20.148 























0.1 0.984 4.684 0.1 0.942 4.445 
0.4 0.959 6.461 0.4 1.005 6.179 
0.7 1.162 11.515 0.7 1.289 11.168 
1.0 1.308 15.040 1.0 1.557 14.753 
1.3 1.532 17.910 1.3 1.647 17.661 





Figure 16 Water volumes at both anode and cathode non-active outlet areas 
Time 
(min) 
Anode/Cathode side test @ 0.1 A/cm2 
20 ºC _water 
volume (mm3) 
25 ºC _water 
volume (mm3) 
30 ºC _water 
volume (mm3) 
35 ºC _water 
volume (mm3) 
Anode Cathode Anode Cathode Anode Cathode Anode Cathode 
1 92.46 43.75 127.34 43.54 87.09 44.39 110.87 49.66 
2 92.87 45.33 127.02 36.33 87.37 36.55 114.27 48.85 




Anode/Cathode side test @ 0.4 A/cm2 
20 ºC _water 
volume (mm3) 
25 ºC _water 
volume (mm3) 
30 ºC _water 
volume (mm3) 
35 ºC _water 
volume (mm3) 
Anode Cathode Anode Cathode Anode Cathode Anode Cathode 
1 131.83 64.92 110.46 76.40 120.14 70.51 100.62 60.02 
2 130.99 63.18 112.45 76.66 120.20 69.99 105.20 62.43 




Anode/Cathode side test @ 1.5 A/cm2 
20 ºC _water 
volume (mm3) 
25 ºC _water 
volume (mm3) 
30 ºC _water 
volume (mm3) 
35 ºC _water 
volume (mm3) 
Anode Cathode Anode Cathode Anode Cathode Anode Cathode 
1 108.44 17.60 118.60 16.73 101.12 26.70 112.15 30.39 
2 109.00 17.32 117.86 18.65 100.70 24.58 113.22 29.46 
3 108.77 17.02 119.43 17.74 102.37 23.69 111.36 31.38 
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Figure 19 Differential pressure as a function of air flow rate (sccm) at various water flow rates 
Current density (A/cm2) 
Water flow rate (mL/min) 
0 0.028 0.084 0.14 0.196 0.28 0.336 0.392 0.448 0.504 0.56 
Differential pressure (kPa) 
0.000 0.000 0.223 0.283 0.281 0.353 0.327 0.444 0.365 0.357 0.322 0.314 
0.092 0.275 0.547 0.615 0.610 0.680 0.650 0.760 0.700 0.689 0.666 0.642 
0.184 0.530 0.859 0.937 0.938 0.994 0.968 1.073 1.021 1.014 0.997 0.960 
0.276 0.787 1.158 1.247 1.256 1.306 1.295 1.374 1.345 1.323 1.319 1.283 
0.368 1.087 1.483 1.503 1.547 1.642 1.629 1.688 1.666 1.649 1.653 1.624 
0.460 1.371 1.787 1.797 1.842 1.961 1.963 2.020 2.008 1.988 1.984 1.958 
0.552 1.639 2.073 2.089 2.148 2.232 2.275 2.339 2.352 2.338 2.325 2.281 
0.644 1.903 2.365 2.381 2.428 2.528 2.549 2.633 2.627 2.623 2.632 2.568 
0.736 2.165 2.666 2.699 2.738 2.814 2.851 2.937 2.925 2.923 2.909 2.896 
0.828 2.434 2.999 3.021 3.059 3.149 3.135 3.247 3.235 3.243 3.219 3.203 
0.920 2.710 3.358 3.356 3.381 3.497 3.463 3.579 3.579 3.576 3.548 3.535 
1.013 2.994 3.681 3.691 3.725 3.807 3.799 3.941 3.918 3.913 3.889 3.857 
1.105 3.280 4.026 4.031 4.063 4.164 4.148 4.264 4.256 4.241 4.225 4.226 
1.197 3.575 4.376 4.386 4.399 4.501 4.510 4.606 4.621 4.598 4.582 4.564 
1.289 3.890 4.696 4.727 4.747 4.833 4.852 4.995 4.972 4.956 4.933 4.928 
1.381 4.199 5.033 5.092 5.092 5.166 5.176 5.341 5.315 5.303 5.277 5.287 
201 
Figure 21 Channel level pressure drops in the active area 
Active area differential pressure (kPa) @ single phase 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.092 0.054 0.054 0.052 0.052 0.052 0.053 0.054 0.054 0.054 0.053 0.054 
0.184 0.117 0.117 0.113 0.113 0.113 0.115 0.117 0.117 0.118 0.116 0.117 
0.276 0.184 0.183 0.177 0.178 0.176 0.180 0.183 0.184 0.184 0.181 0.182 
0.368 0.253 0.251 0.244 0.245 0.243 0.247 0.252 0.252 0.253 0.250 0.251 
0.460 0.323 0.322 0.312 0.314 0.311 0.317 0.323 0.323 0.324 0.319 0.322 
0.552 0.400 0.398 0.386 0.388 0.384 0.392 0.399 0.400 0.401 0.395 0.398 
0.644 0.479 0.476 0.462 0.464 0.460 0.469 0.478 0.478 0.480 0.473 0.475 
0.736 0.558 0.556 0.539 0.542 0.536 0.548 0.558 0.558 0.560 0.552 0.555 
0.828 0.641 0.637 0.617 0.621 0.614 0.627 0.640 0.639 0.642 0.633 0.635 
0.920 0.724 0.720 0.699 0.703 0.696 0.711 0.724 0.724 0.726 0.716 0.720 
1.013 0.812 0.808 0.784 0.788 0.781 0.796 0.811 0.812 0.814 0.802 0.807 
1.105 1.217 1.213 1.178 1.182 1.175 1.195 1.218 1.218 1.226 1.205 1.216 
1.197 1.451 1.444 1.400 1.409 1.394 1.423 1.451 1.449 1.455 1.432 1.441 
1.289 1.586 1.579 1.531 1.540 1.523 1.557 1.586 1.585 1.590 1.566 1.574 
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Active area differential pressure (kPa) @ 0.028 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.009 -0.001 0.008 -0.006 0.018 -0.054 0.017 0.038 0.003 0.013 0.011 
0.092 0.108 0.098 0.103 0.090 0.114 0.043 0.115 0.137 0.104 0.111 0.110 
0.184 0.216 0.205 0.208 0.193 0.217 0.148 0.223 0.244 0.212 0.218 0.217 
0.276 0.324 0.313 0.313 0.299 0.321 0.254 0.332 0.353 0.321 0.325 0.325 
0.368 0.435 0.423 0.419 0.406 0.428 0.362 0.443 0.463 0.432 0.434 0.434 
0.460 0.543 0.531 0.523 0.512 0.531 0.467 0.551 0.571 0.540 0.541 0.542 
0.552 0.661 0.649 0.638 0.628 0.644 0.583 0.670 0.690 0.659 0.658 0.660 
0.644 0.782 0.769 0.752 0.742 0.759 0.699 0.788 0.808 0.778 0.775 0.777 
0.736 0.902 0.888 0.869 0.859 0.875 0.818 0.909 0.928 0.899 0.894 0.897 
0.828 1.025 1.011 0.988 0.981 0.992 0.938 1.033 1.052 1.023 1.016 1.019 
0.920 1.151 1.136 1.109 1.101 1.113 1.061 1.159 1.177 1.149 1.140 1.144 
1.013 1.283 1.268 1.237 1.230 1.240 1.190 1.291 1.309 1.282 1.271 1.275 
1.105 1.421 1.404 1.368 1.362 1.372 1.323 1.428 1.445 1.418 1.405 1.410 
1.197 1.559 1.544 1.504 1.499 1.507 1.460 1.569 1.586 1.560 1.544 1.550 




Active area differential pressure (kPa) @ 0.056 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.007 0.000 -0.002 -0.005 0.022 -0.064 0.015 0.031 0.004 0.014 0.010 
0.092 0.123 -0.001 0.110 0.108 0.135 -0.066 0.131 0.146 0.121 0.129 0.127 
0.184 0.250 -0.002 0.233 0.232 0.257 -0.067 0.259 0.274 0.249 0.255 0.254 
0.276 0.376 -0.003 0.353 0.354 0.378 -0.069 0.385 0.400 0.375 0.379 0.379 
0.368 0.507 -0.005 0.479 0.481 0.503 -0.070 0.516 0.531 0.507 0.508 0.508 
0.460 0.636 -0.006 0.602 0.606 0.626 -0.070 0.644 0.658 0.635 0.635 0.636 
0.552 0.776 -0.007 0.736 0.742 0.760 -0.072 0.784 0.798 0.775 0.773 0.774 
0.644 0.916 -0.009 0.870 0.877 0.895 -0.073 0.924 0.937 0.915 0.910 0.913 
0.736 1.060 -0.010 1.008 1.017 1.033 -0.074 1.068 1.081 1.060 1.052 1.055 
0.828 1.208 -0.011 1.149 1.160 1.174 -0.076 1.216 1.228 1.208 1.197 1.201 
0.920 1.361 -0.013 1.295 1.308 1.321 -0.078 1.368 1.380 1.361 1.349 1.353 
1.013 1.518 -0.014 1.446 1.461 1.472 -0.079 1.526 1.537 1.518 1.504 1.508 
1.105 1.681 -0.016 1.602 1.619 1.628 -0.081 1.689 1.699 1.681 1.664 1.670 
1.197 1.850 -0.017 1.764 1.783 1.790 -0.083 1.858 1.868 1.851 1.831 1.838 




Active area differential pressure (kPa) @ 0.112 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.005 0.000 0.000 -0.008 0.020 -0.069 0.014 0.025 0.005 0.012 0.009 
0.092 0.121 -0.001 0.109 0.104 0.132 -0.071 0.130 0.141 0.122 0.126 0.126 
0.184 0.249 -0.003 0.232 0.227 0.255 -0.072 0.257 0.268 0.250 0.253 0.252 
0.276 0.375 -0.004 0.352 0.350 0.375 -0.073 0.384 0.394 0.376 0.377 0.377 
0.368 0.504 -0.006 0.476 0.475 0.500 -0.075 0.513 0.523 0.506 0.505 0.505 
0.460 0.633 -0.007 0.600 0.600 0.624 -0.076 0.642 0.652 0.635 0.632 0.633 
0.552 0.774 -0.008 0.734 0.736 0.758 -0.077 0.782 0.792 0.775 0.769 0.772 
0.644 0.913 -0.009 0.868 0.872 0.892 -0.079 0.921 0.931 0.915 0.907 0.911 
0.736 1.057 -0.010 1.005 1.011 1.029 -0.080 1.065 1.074 1.058 1.048 1.052 
0.828 1.205 -0.012 1.146 1.155 1.171 -0.082 1.213 1.221 1.206 1.194 1.199 
0.920 1.357 -0.014 1.292 1.302 1.318 -0.083 1.365 1.373 1.359 1.344 1.350 
1.013 1.515 -0.015 1.443 1.455 1.469 -0.085 1.523 1.530 1.517 1.499 1.506 
1.105 1.678 -0.016 1.599 1.613 1.624 -0.086 1.686 1.692 1.680 1.660 1.668 
1.197 1.843 0.046 1.758 1.773 1.784 -0.088 1.851 1.857 1.846 1.823 1.832 




Active area differential pressure (kPa) @ 0.224 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.005 0.001 -0.003 -0.006 0.022 -0.056 -0.004 0.036 0.008 0.018 0.013 
0.092 0.008 0.000 0.320 -0.008 0.020 -0.057 0.334 0.036 0.347 0.017 0.350 
0.184 0.006 -0.001 0.676 -0.009 0.019 -0.059 0.703 0.034 0.719 0.015 0.717 
0.276 0.004 -0.003 1.034 -0.010 0.017 -0.059 1.073 0.034 1.088 0.014 1.083 
0.368 0.004 -0.004 1.123 -0.013 0.017 0.930 1.175 0.031 1.180 0.012 1.174 
0.460 0.004 -0.005 1.376 -0.015 0.014 1.368 1.429 0.029 1.444 0.011 1.435 
0.552 0.002 -0.007 1.685 -0.016 0.012 1.687 1.750 0.028 1.766 -0.008 1.753 
0.644 0.003 -0.009 1.915 -0.018 0.011 1.927 1.995 0.026 2.010 0.613 2.004 
0.736 0.000 0.012 1.973 -0.020 1.424 1.986 2.055 0.029 2.072 0.651 2.057 
0.828 0.000 -0.012 2.145 -0.022 2.131 2.161 2.233 0.027 2.229 0.817 2.196 
0.920 0.153 -0.014 2.254 1.433 2.275 2.295 2.345 0.025 2.359 0.905 2.341 
1.013 1.302 -0.013 2.440 1.723 2.450 2.463 2.523 0.022 2.540 1.214 2.527 
1.105 1.714 -0.015 2.656 1.731 2.671 2.707 2.773 0.017 2.776 1.515 2.754 
1.197 2.183 0.010 2.909 2.176 2.929 2.977 3.045 0.014 3.025 1.797 3.023 




Figure 22 Channel level pressure drops for non-active outlet area 
Non-active outlet area differential pressure (kPa) @ single phase 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
0.092 0.024 0.024 0.023 0.023 0.023 0.024 0.024 0.023 0.024 0.023 0.024 
0.184 0.049 0.049 0.047 0.048 0.048 0.049 0.049 0.049 0.049 0.048 0.049 
0.276 0.076 0.076 0.073 0.074 0.072 0.075 0.075 0.075 0.076 0.075 0.075 
0.368 0.101 0.101 0.097 0.099 0.097 0.101 0.101 0.101 0.101 0.100 0.100 
0.460 0.127 0.128 0.123 0.125 0.122 0.127 0.128 0.127 0.128 0.126 0.126 
0.552 0.156 0.157 0.151 0.153 0.149 0.156 0.157 0.156 0.157 0.155 0.155 
0.644 0.185 0.184 0.177 0.181 0.177 0.184 0.184 0.184 0.184 0.182 0.182 
0.736 0.215 0.214 0.206 0.211 0.203 0.215 0.214 0.213 0.215 0.212 0.212 
0.828 0.243 0.244 0.235 0.239 0.233 0.243 0.243 0.243 0.244 0.241 0.242 
0.920 0.275 0.276 0.266 0.270 0.262 0.275 0.275 0.275 0.277 0.273 0.273 
1.013 0.305 0.306 0.295 0.299 0.295 0.305 0.306 0.305 0.307 0.302 0.304 
1.105 0.340 0.340 0.328 0.333 0.325 0.339 0.340 0.339 0.342 0.336 0.338 
1.197 0.374 0.375 0.361 0.367 0.358 0.374 0.375 0.374 0.376 0.371 0.371 
1.289 0.411 0.412 0.399 0.403 0.391 0.412 0.412 0.411 0.416 0.408 0.410 
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Non-active outlet area differential pressure (kPa) @ 0.028 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.002 0.005 0.011 -0.002 0.005 -0.024 0.024 0.026 0.026 0.002 0.005 
0.092 0.002 0.005 0.011 -0.003 0.004 -0.026 0.023 0.024 0.025 0.001 0.005 
0.184 0.002 0.005 0.010 -0.003 0.003 -0.015 0.023 0.034 0.035 0.001 0.003 
0.276 0.006 0.004 0.012 -0.005 0.002 0.085 0.025 0.135 0.022 0.000 0.004 
0.368 0.007 0.002 0.009 -0.006 0.002 0.289 0.023 0.340 0.003 -0.002 0.002 
0.460 0.001 0.003 0.009 -0.006 0.001 0.437 0.023 0.486 0.000 -0.002 0.002 
0.552 0.000 0.003 0.008 -0.006 -0.002 0.761 0.025 0.812 0.003 -0.003 0.000 
0.644 0.001 0.001 0.008 -0.008 -0.002 0.995 0.021 1.047 0.002 -0.004 0.000 
0.736 -0.005 -0.001 0.006 -0.010 -0.001 1.235 0.019 1.287 -0.007 -0.006 -0.002 
0.828 -0.006 -0.002 0.004 -0.011 -0.004 1.223 0.013 1.271 -0.008 0.829 -0.003 
0.920 -0.007 -0.003 0.003 -0.012 -0.004 1.251 0.015 1.309 -0.010 1.293 -0.005 
1.013 -0.008 -0.005 0.002 -0.013 -0.006 1.442 0.013 1.490 -0.011 1.469 -0.005 
1.105 -0.009 -0.006 0.001 -0.015 -0.007 1.637 0.012 1.690 -0.012 1.664 -0.007 
1.197 -0.009 -0.005 0.002 -0.015 -0.009 1.854 0.012 1.904 -0.012 1.875 -0.006 




Non-active outlet area differential pressure (kPa) @ 0.056 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.001 0.005 0.012 -0.003 0.005 -0.052 0.023 0.001 0.002 0.001 0.006 
0.092 0.001 0.005 0.012 -0.003 0.003 -0.052 0.023 0.002 0.001 0.001 0.006 
0.184 -0.001 0.002 0.010 -0.004 0.003 -0.053 0.021 -0.001 -0.001 -0.001 0.004 
0.276 0.012 0.003 0.011 -0.004 0.003 -0.047 0.028 0.003 0.007 0.000 0.004 
0.368 0.000 0.002 0.011 -0.006 0.002 -0.055 0.021 0.003 0.002 0.294 0.003 
0.460 0.020 0.012 0.011 -0.005 0.001 -0.054 0.022 0.008 0.000 0.687 0.003 
0.552 0.003 0.016 0.008 -0.007 -0.001 -0.056 0.019 0.022 -0.003 0.641 0.005 
0.644 0.003 0.000 0.006 -0.010 0.000 -0.050 0.017 -0.005 -0.004 1.581 0.000 
0.736 -0.010 -0.003 0.005 -0.011 0.008 -0.036 0.014 0.677 -0.007 2.174 -0.001 
0.828 -0.001 -0.006 0.003 -0.013 -0.005 -0.061 0.013 2.030 -0.009 2.568 -0.003 
0.920 0.024 -0.004 0.004 -0.014 -0.007 -0.061 0.012 2.372 -0.009 2.916 -0.002 
1.013 0.785 -0.007 0.001 -0.016 -0.007 -0.065 0.010 2.800 -0.011 2.751 -0.005 
1.105 0.873 0.002 0.000 -0.015 -0.009 -0.014 0.011 2.998 -0.007 2.933 -0.007 
1.197 0.017 -0.008 0.000 -0.017 -0.009 0.780 0.010 3.023 -0.010 2.993 -0.007 




Non-active outlet area differential pressure (kPa) @ 0.112 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.001 -0.050 0.014 -0.003 0.009 -0.059 0.025 0.010 0.001 0.004 0.010 
0.092 -0.001 -0.052 0.012 -0.004 0.008 -0.060 0.023 0.008 0.000 0.003 0.008 
0.184 -0.001 -0.052 0.011 -0.004 0.008 -0.061 0.023 0.007 -0.001 0.002 0.008 
0.276 -0.004 -0.054 0.010 -0.005 0.006 -0.062 0.021 0.006 -0.002 0.002 0.007 
0.368 -0.001 -0.054 0.010 -0.006 0.005 -0.063 0.021 0.006 -0.003 0.000 0.006 
0.460 -0.005 -0.055 0.009 -0.007 0.005 -0.063 0.020 0.004 -0.003 0.000 0.005 
0.552 0.000 -0.055 0.009 -0.007 0.005 -0.064 0.020 0.004 -0.003 0.000 0.004 
0.644 0.004 -0.053 0.009 -0.008 0.021 -0.065 0.012 0.007 -0.003 0.511 0.001 
0.736 -0.008 -0.052 0.006 -0.010 0.001 -0.066 0.017 0.012 -0.006 1.640 0.002 
0.828 -0.009 -0.048 0.005 -0.010 0.017 -0.067 0.028 0.402 -0.007 2.204 0.000 
0.920 -0.021 -0.062 0.003 0.063 -0.002 -0.069 0.012 1.644 -0.010 2.028 -0.002 
1.013 -0.024 -0.078 0.004 0.601 -0.005 -0.068 -0.004 0.460 -0.011 -0.005 -0.002 
1.105 -0.007 -0.061 0.004 0.702 -0.003 -0.068 0.014 0.122 -0.010 -0.006 -0.001 
1.197 -0.012 -0.063 0.002 0.773 -0.001 -0.070 0.012 0.192 -0.010 0.036 -0.003 




Non-active outlet area differential pressure (kPa) @ 0.224 water flow rate (mL/min) 
Current density (A/cm2) 
Channel number 
1 2 3 4 5 6 7 8 9 10 11 
0.000 0.001 -0.050 0.013 -0.001 0.007 -0.054 0.023 0.003 -0.001 0.001 0.008 
0.092 0.000 -0.050 0.012 -0.003 0.005 -0.055 0.022 0.002 -0.002 0.000 0.007 
0.184 0.000 -0.051 0.011 -0.004 0.005 -0.055 0.021 0.001 -0.003 -0.001 0.006 
0.276 -0.002 -0.052 0.010 -0.004 0.002 -0.056 0.020 0.000 -0.004 -0.001 0.005 
0.368 -0.003 -0.053 0.010 -0.005 0.002 -0.057 0.020 -0.001 -0.005 -0.002 0.004 
0.460 -0.002 -0.053 0.009 -0.006 0.001 -0.057 0.019 -0.001 -0.006 -0.004 0.004 
0.552 -0.001 -0.051 0.008 -0.006 0.003 -0.058 0.023 -0.003 -0.005 -0.002 0.003 
0.644 0.038 0.013 0.008 -0.006 0.002 -0.058 0.051 -0.001 -0.004 0.023 0.002 
0.736 0.130 0.032 0.006 0.128 0.001 -0.056 0.042 -0.004 -0.006 -0.005 0.001 
0.828 -0.200 -0.218 0.003 0.791 -0.003 -0.068 -0.049 -0.006 -0.012 -0.032 0.000 
0.920 -0.008 -0.056 0.005 0.850 -0.002 -0.059 0.019 -0.006 -0.009 -0.006 -0.001 
1.013 0.097 0.046 0.006 0.825 -0.001 -0.036 0.116 -0.005 -0.009 -0.006 0.007 
1.105 -0.122 -0.160 0.001 1.314 -0.005 -0.081 -0.090 -0.009 -0.013 -0.010 -0.014 
1.197 0.000 -0.042 0.004 1.273 -0.006 -0.064 0.022 -0.009 -0.012 -0.007 -0.004 




Figure 23 Differential pressure distribution of separate areas of flow field 
Current density 
(A/cm2) 











0 0.000 0.358 0.261 0.568 0.789 
0.1 0.328 0.619 0.739 0.901 1.110 
0.4 0.916 1.320 1.937 1.978 2.421 
0.7 1.391 1.935 2.921 2.890 3.331 
1 1.905 2.636 3.622 3.604 3.886 
1.3 2.492 3.501 4.351 4.157 4.564 
1.5 2.874 3.951 4.589 4.612 4.843 
1.7 3.219 4.397 4.848 5.015 5.200 
















0 0.000 0.221 0.243 0.234 0.126 
0.1 0.039 0.248 0.021 0.072 0.164 
0.4 0.060 0.155 0.296 0.278 0.334 
0.7 0.167 0.032 0.318 0.312 0.398 
1 0.297 0.116 0.219 0.193 0.365 
1.3 0.461 0.263 0.324 0.294 0.404 
1.5 0.446 0.745 0.622 0.672 0.892 
1.7 0.599 0.902 0.833 0.837 1.106 



















0 0.000 0.177 0.138 0.132 0.185 
0.1 0.149 0.349 0.232 0.183 0.226 
0.4 0.556 0.796 1.054 0.841 1.346 
0.7 0.969 1.283 1.154 1.002 1.291 
1 1.423 1.546 1.832 1.683 1.776 
1.3 1.823 1.918 2.090 2.061 2.166 
1.5 2.138 1.956 2.342 2.014 1.645 
1.7 2.406 2.318 2.617 2.189 1.941 















0 0.000 0.173 0.120 0.134 0.164 
0.1 0.025 0.196 0.229 0.191 0.208 
0.4 0.006 0.152 0.204 0.017 0.245 
0.7 0.089 0.089 0.490 0.658 0.626 
1 0.152 0.265 0.490 0.688 0.681 
1.3 0.272 0.592 0.769 0.718 0.890 
1.5 0.299 0.975 0.920 0.611 1.312 
1.7 0.400 0.889 0.822 1.034 1.469 








Figure 24 Differential pressure as a function a water flow rate at various air flow rates 
Water flow rate 
(mL/min) 
Differential pressure (kPa) @ 
0.1 A/cm2 














0 0.039 0.149 0.025 0.060 0.556 0.006 
0.028 0.248 0.349 0.196 0.155 0.796 0.152 
0.112 0.021 0.232 0.229 0.296 1.054 0.204 
0.196 0.072 0.183 0.191 0.278 0.841 0.017 
0.42 0.164 0.226 0.208 0.334 1.346 0.245 
 
Water flow rate 
(mL/min) 
Differential pressure (kPa) @ 
0.7 A/cm2 














0 0.167 0.969 0.089 0.297 1.423 0.152 
0.028 0.032 1.283 0.089 0.116 1.546 0.265 
0.112 0.318 1.154 0.490 0.219 1.832 0.490 
0.196 0.312 1.002 0.658 0.193 1.683 0.688 
0.42 0.398 1.291 0.626 0.365 1.776 0.681 
 
Water flow rate 
(mL/min) 
Differential pressure (kPa) @ 
1.3 A/cm2 














0 0.461 1.823 0.272 0.446 2.138 0.299 
0.028 0.263 1.918 0.592 0.745 1.956 0.975 
0.112 0.324 2.090 0.769 0.622 2.342 0.920 
0.196 0.294 2.061 0.718 0.672 2.014 0.611 




Water flow rate 
(mL/min) 
Differential pressure (kPa) @ 
1.7 A/cm2 














0 0.599 2.406 0.400 0.820 2.721 0.619 
0.028 0.902 2.318 0.889 1.148 2.539 1.181 
0.112 0.833 2.617 0.822 1.113 2.800 1.048 
0.196 0.837 2.189 1.034 1.097 2.593 1.323 
0.42 1.106 1.941 1.469 1.376 2.247 1.742 
 
Figure 25 Differential pressure distribution among the inlet non-active area, active area, 
and outlet non-active area 
Water flow rate (mL/min) 
Differential pressure distribution 
Inlet area Active area Outlet area 
0 16% 74% 9% 
0.028 16% 65% 19% 
0.112 15% 61% 24% 
0.196 17% 58% 25% 
0.42 20% 52% 28% 
 
Figure 27 Water volume as a function of purging time 













Figure 28 Comparison between measured single-phase pressure drop and model value 





































FLOW_CONTROL Load Equiv manual, load equivalent, or constant stoic (first letter only is needed)
BP_CATHODE_PRESSURE_TRACKING OFF
BP_ENBL ON
BP_OUTLET_PRESSURE_CONTROL OFF ON = Outlet Control, OFF = Inlet Control
ANODE_HUMIDIFIER_BYPASS Off
CATHODE_HUMIDIFIER_BYPASS Off









TEMP_SPLIT_ENBL ON When "ON" will split the single cathode temperature control to dual temperature control on both AN and CA plates
BathOnOff ON
217 
Protocol (20 ºC_ Anode side_ Test matrix part 1): 
 
Protocol (20 ºC_ Anode side_ Test matrix part 2): 
 
Protocol (20 ºC_ Anode side_ Test matrix part 3): 
 
Matrix *Comment *Duration *Ramp *PostStep Script LB_MODE LB_ENBL LB_VOLTAGE_SP LB_CURRENT_DENSITY_SP
// Start-up (sec) (sec) Script Name "v" or "c" Load On or Off Volts current density
// Protocol 44
20C_Start_Up 300 0 V Off 0.675 1.5
Standard Protocol Point 1: Stabilize 300 0 Wait Till Stable AnD CaD V On 0.675 0.1
Standard Protocol Point 25: Stabilize 1 0 Wait Till Stable AnD CaD V On 0.8 0.1
Standard Protocol Point 25: Hold 300 0 Vcell And Avg C On 0.8 0.1
Standard Protocol Point 26: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 0.4
Standard Protocol Point 26: Hold 300 0 Vcell And Avg C On 0.8 0.4
Standard Protocol Point 30: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 1.5
Standard Protocol Point 30: Hold 300 0 Vcell And Avg C On 0.8 1.5
FLOW_CONTROL ANODE_FLOW_REQ CATHODE_FLOW_REQ CURRENT_DENSITY_FLOW_EQUIV ANODE_STOICH_SP
manual, load equivalent, or constant stoic (first letter only is needed) slpm slpm Flow: A/cm2
Manual 0.2 0.5 0.1 3
Manual 0.2 0.5 0.1 3
Manual 0.2 0.5 0.1 3
Manual 0.1044 0.250005 0.1 3
Load Equivalent 0.2088 0.66668 0.4 1.5
Load Equivalent 0.2088 0.66668 0.4 1.5
Load Equivalent 0.783 2.50005 1.5 1.5
Load Equivalent 0.783 2.50005 1.5 1.5
CATHODE_STOICH_SP TEMP_CELL_SP TEMP_ANODE_CELL_SP BathTempSP Bath Flow Rate REQ TEMP_ANODE_HUMIDITY_REQ TEMP_CATHODE_HUMIDITY_REQ
deg C deg C deg C % 0-100% 0-100%
3 21 21 20 60 89.27069866 89.27069866
3 21 21 20 60 89.27069866 89.27069866
3 21 21 20 60 89.27069866 89.27069866
3 21 21 20 60 89.27069866 89.27069866
2 20.5 20.5 20 60 92.08504226 92.08504226
2 20.5 20.5 20 60 92.08504226 92.08504226
2 20 20 20 60 95 95
2 20 20 20 60 95 95
218 
Protocol (20 ºC_ Anode side_ Test matrix part 4): 
 
 
Protocol (20 ºC_ Anode side_ Test matrix part 5): 
 
BP_ENBL BP_AN_PRESSURE_REQ BP_CAT_PRESSURE_REQ ANODE_HUMIDIFIER_BYPASS CATHODE_HUMIDIFIER_BYPASS Logger_Rate_(Sec) A_H2_PCT_SP
ON or OFF kPa kPa Off = humidifed
On = Bypass Off = humidifed
On = Bypass sec 0-100%
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
C_O2_PCT_SP C_N2_PCT_SP BP_OUTLET_PRESSURE_CONTROL dummy dummy1
0-100% 0-100% ON/OFF
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
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Protocol (Post steps part 1): 
 
Protocol (Post steps part 2): 
 








































Protocol (Post steps part 3): 
 
Protocol (Post steps part 4): 
 


















































Protocol (Post steps part 5): 
 
 
Full protocol layout: 
 
 
PostStep PostStep Name VCell And Avg























Test matrix part 1 Test matrix part 2 Test matrix part 3 Test matrix part 4 Test matrix part 5
Post steps part 1
Post steps part 2
Post steps part 3
Post steps part 4




20 ºC_ anode side: 0.1 A/cm2 
 
20 ºC_ anode side: 0.4 A/cm2 
 
20 ºC_ anode side: 1.5 A/cm2 
 
For 25 ºC anode side test, increase the temperature setting by 5 ºC in “TEMP_CELL_SP”, “TEMP_ANODE_CELL_SP”, and 
“BathTempSP” in Test matrix part of 20 ºC testing protocol and keep other settings as well as layout unchanged. 
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Pseudo-color images: 
25 ºC_ anode side: 0.1 A/cm2 
 
25 ºC_ anode side: 0.4 A/cm2 
 
25 ºC_ anode side: 1.5 A/cm2 
 
For 30 ºC anode side test, increase the temperature setting by 10 ºC in “TEMP_CELL_SP”, “TEMP_ANODE_CELL_SP”, and 
“BathTempSP” in Test matrix part of 20 ºC testing protocol and keep other settings as well as layout unchanged. 
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Pseudo-color images: 
30 ºC_ anode side: 0.1 A/cm2 
 
30 ºC_ anode side: 0.4 A/cm2 
 
30 ºC_ anode side: 1.5 A/cm2 
 
For 35 ºC anode side test, increase the temperature setting by 15 ºC in “TEMP_CELL_SP”, “TEMP_ANODE_CELL_SP”, and 
“BathTempSP” in Test matrix part of 20 ºC testing protocol and keep other settings as well as layout unchanged. 
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Pseudo-color images: 
35 ºC_ anode side: 0.1 A/cm2 
 
35 ºC_ anode side: 0.4 A/cm2 
 
35 ºC_ anode side: 1.5 A/cm2 
 
In the cathode neutron imaging tests, we doubled the testing points from 0.1 A/cm2, 0.4 A/cm2, and 1.5 A/cm2 to 0.1 A/cm2, 0.4 A/cm2, 
0.7 A/cm2, 1.0 A/cm2, 1.3 A/cm2, and 1.5 A/cm2. The protocol (test matrix) has changed as shown below while other settings and layout 
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remain the same with anode side tests.  To change the conditions of temperature settings, follow the same procedure with anode side 
tests.  
 









Matrix *Comment *Duration *Ramp *PostStep Script LB_MODE LB_ENBL LB_VOLTAGE_SP LB_CURRENT_DENSITY_SP
// Start-up (sec) (sec) Script Name "v" or "c" Load On or Off Volts current density
// Protocol 44
20C_Start_Up 300 0 V Off 0.675 1.5
Standard Protocol Point 1: Stabilize 300 0 Wait Till Stable AnD CaD V On 0.675 0.1
Standard Protocol Point 25: Stabilize 1 0 Wait Till Stable AnD CaD V On 0.8 0.1
Standard Protocol Point 25: Hold 300 0 Vcell And Avg C On 0.8 0.1
Standard Protocol Point 26: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 0.4
Standard Protocol Point 26: Hold 300 0 Vcell And Avg C On 0.8 0.4
Standard Protocol Point 27: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 0.7
Standard Protocol Point 27: Hold 300 0 Vcell And Avg C On 0.8 0.7
Standard Protocol Point 28: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 1
Standard Protocol Point 28: Hold 300 0 Vcell And Avg C On 0.8 1
Standard Protocol Point 29: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 1.3
Standard Protocol Point 29: Hold 300 0 Vcell And Avg C On 0.8 1.3
Standard Protocol Point 30: Stabilize 1 0 Wait Till Stable AnD CaD C On 0.8 1.5
Standard Protocol Point 30: Hold 300 0 Vcell And Avg C On 0.8 1.5
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Protocol (20 ºC_ Cathode side_ Test matrix part 2): 
 
 
Protocol (20 ºC_ Cathode side_ Test matrix part 3): 
 
FLOW_CONTROL ANODE_FLOW_REQ CATHODE_FLOW_REQ CURRENT_DENSITY_FLOW_EQUIV ANODE_STOICH_SP
manual, load equivalent, or constant stoic (first letter only is needed) slpm slpm Flow: A/cm2
Manual 0.2 0.5 0.1 3
Manual 0.2 0.5 0.1 3
Manual 0.2 0.5 0.1 3
Manual 0.1044 0.250005 0.1 3
Load Equivalent 0.2088 0.66668 0.4 1.5
Load Equivalent 0.2088 0.66668 0.4 1.5
Load Equivalent 0.783 2.50005 0.7 1.5
Load Equivalent 0.783 2.50005 0.7 1.5
Load Equivalent 0.783 2.50005 1 1.5
Load Equivalent 0.783 2.50005 1 1.5
Load Equivalent 0.783 2.50005 1.3 1.5
Load Equivalent 0.783 2.50005 1.3 1.5
Load Equivalent 0.783 2.50005 1.5 1.5
Load Equivalent 0.783 2.50005 1.5 1.5
CATHODE_STOICH_SP TEMP_CELL_SP TEMP_ANODE_CELL_SP BathTempSP Bath Flow Rate REQ TEMP_ANODE_HUMIDITY_REQ TEMP_CATHODE_HUMIDITY_REQ
deg C deg C deg C % 0-100% 0-100%
3 21 21 20 60 89.27069866 89.27069866
3 21 21 20 60 89.27069866 89.27069866
3 21 21 20 60 89.27069866 89.27069866
3 21 21 20 60 89.27069866 89.27069866
2 20.5 20.5 20 60 92.08504226 92.08504226
2 20.5 20.5 20 60 92.08504226 92.08504226
2 20 20 20 60 95 95
2 20 20 20 60 95 95
2 21 21 20 60 95 95
2 21 21 20 60 95 95
2 20.5 20.5 20 60 95 95
2 20.5 20.5 20 60 95 95
2 20 20 20 60 95 95
2 20 20 20 60 95 95
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Protocol (20 ºC_ Cathode side_ Test matrix part 4): 
 
Protocol (20 ºC_ Cathode side_ Test matrix part 5): 
 
BP_ENBL BP_AN_PRESSURE_REQ BP_CAT_PRESSURE_REQ ANODE_HUMIDIFIER_BYPASS CATHODE_HUMIDIFIER_BYPASS Logger_Rate_(Sec) A_H2_PCT_SP
ON or OFF kPa kPa Off = humidifed
On = Bypass Off = humidifed
On = Bypass sec 0-100%
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
ON 150 150 On On 30 100
C_O2_PCT_SP C_N2_PCT_SP BP_OUTLET_PRESSURE_CONTROL dummy dummy1
0-100% 0-100% ON/OFF
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
0 0 ON 150 150
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Pseudo-color images: 
20 ºC_ cathode side: 0.1 A/cm2 
 
20 ºC_ cathode side: 0.4 A/cm2 
 
20 ºC_ cathode side: 0.7 A/cm2 
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20 ºC_ cathode side: 1.0 A/cm2 
 
20 ºC_ cathode side: 1.3 A/cm2 
 
20 ºC_ cathode side: 1.5 A/cm2 
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25 ºC_ cathode side: 0.1 A/cm2 
 
25 ºC_ cathode side: 0.4 A/cm2 
 
25 ºC_ cathode side: 0.7 A/cm2 
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25 ºC_ cathode side: 1.0 A/cm2 
 
25 ºC_ cathode side: 1.3 A/cm2 
 
25 ºC_ cathode side: 1.5 A/cm2 
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30 ºC_ cathode side: 0.1 A/cm2 
 
30 ºC_ cathode side: 0.4 A/cm2 
 
30 ºC_ cathode side: 0.7 A/cm2 
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30 ºC_ cathode side: 1.0 A/cm2 
 
30 ºC_ cathode side: 1.3 A/cm2 
 
30 ºC_ cathode side: 1.5 A/cm2 
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35 ºC_ cathode side: 0.1 A/cm2 
 
35 ºC_ cathode side: 0.4 A/cm2 
 
35 ºC_ cathode side: 0.7 A/cm2 
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35 ºC_ cathode side: 1.0 A/cm2 
 
35 ºC_ cathode side: 1.3 A/cm2 
 
35 ºC _ cathode side: 1.5 A/cm2 
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Appendix C - Raw data for water volume model (Chapter 3) 
Air density 0.0012 Air viscosity 1.85E-05 
Water density 0.997 Water  viscosity 0.000823 
(ρG/ρL)0.5 0.034693 (μG/μL)0.1 0.684302 
 
Air (g/min) 
Liquid flow (g/min) 
0.028 0.084 0.14 0.196 0.28 0.336 0.392 0.448 0.504 0.56 
Channel quality 
0.163 0.853 0.660 0.538 0.454 0.368 0.327 0.294 0.267 0.244 0.225 
0.326 0.921 0.795 0.700 0.624 0.538 0.492 0.454 0.421 0.393 0.368 
0.489 0.946 0.853 0.777 0.714 0.636 0.593 0.555 0.522 0.492 0.466 
0.652 0.959 0.886 0.823 0.769 0.700 0.660 0.624 0.593 0.564 0.538 
0.815 0.967 0.907 0.853 0.806 0.744 0.708 0.675 0.645 0.618 0.593 
0.978 0.972 0.921 0.875 0.833 0.777 0.744 0.714 0.686 0.660 0.636 
1.141 0.976 0.931 0.891 0.853 0.803 0.772 0.744 0.718 0.694 0.671 
1.304 0.979 0.939 0.903 0.869 0.823 0.795 0.769 0.744 0.721 0.700 
1.467 0.981 0.946 0.913 0.882 0.840 0.814 0.789 0.766 0.744 0.724 
1.630 0.983 0.951 0.921 0.893 0.853 0.829 0.806 0.784 0.764 0.744 
1.793 0.985 0.955 0.928 0.901 0.865 0.842 0.821 0.800 0.781 0.762 
1.956 0.986 0.959 0.933 0.909 0.875 0.853 0.833 0.814 0.795 0.777 
2.118 0.987 0.962 0.938 0.915 0.883 0.863 0.844 0.825 0.808 0.791 
2.281 0.988 0.964 0.942 0.921 0.891 0.872 0.853 0.836 0.819 0.803 





Liquid flow (g/min) 
0.028 0.084 0.14 0.196 0.28 0.336 0.392 0.448 0.504 0.56 
Ex-situ experiment two-phase friction multiplier 
0.163 1.992 2.241 2.222 2.476 2.366 2.769 2.550 2.510 2.427 2.339 
0.326 1.621 1.768 1.769 1.874 1.826 2.025 1.925 1.913 1.880 1.812 
0.489 1.471 1.584 1.596 1.659 1.644 1.745 1.709 1.681 1.675 1.630 
0.652 1.365 1.383 1.423 1.511 1.499 1.553 1.533 1.517 1.521 1.494 
0.815 1.303 1.311 1.343 1.430 1.432 1.473 1.465 1.450 1.447 1.428 
0.978 1.265 1.275 1.311 1.362 1.388 1.427 1.436 1.427 1.419 1.392 
1.141 1.243 1.252 1.276 1.329 1.340 1.384 1.381 1.378 1.383 1.350 
1.304 1.231 1.247 1.264 1.300 1.317 1.357 1.351 1.350 1.344 1.337 
1.467 1.232 1.241 1.257 1.294 1.288 1.334 1.329 1.332 1.322 1.316 
1.630 1.239 1.238 1.247 1.290 1.278 1.320 1.320 1.319 1.309 1.304 
1.793 1.229 1.233 1.244 1.271 1.269 1.316 1.308 1.307 1.299 1.288 
1.956 1.228 1.229 1.239 1.270 1.265 1.300 1.298 1.293 1.288 1.288 
2.118 1.224 1.227 1.230 1.259 1.261 1.288 1.293 1.286 1.282 1.276 
2.281 1.207 1.215 1.220 1.242 1.247 1.284 1.278 1.274 1.268 1.267 





Liquid flow (g/min) 
0.028 0.084 0.14 0.196 0.28 0.336 0.392 0.448 0.504 0.56 
Lockhart-Martinelli parameter 
0.163 0.004865 0.013076 0.020708 0.028032 0.038642 0.045533 0.052309 0.058989 0.065586 0.072109 
0.326 0.002607 0.007007 0.011097 0.015022 0.020708 0.024401 0.028032 0.031611 0.035146 0.038642 
0.489 0.001810 0.004865 0.007704 0.010429 0.014377 0.016940 0.019461 0.021946 0.024401 0.026828 
0.652 0.001397 0.003755 0.005947 0.008050 0.011097 0.013076 0.015022 0.016940 0.018835 0.020708 
0.815 0.001143 0.003072 0.004865 0.006585 0.009078 0.010697 0.012289 0.013858 0.015408 0.016940 
0.978 0.000970 0.002607 0.004129 0.005589 0.007704 0.009078 0.010429 0.011761 0.013076 0.014377 
1.141 0.000844 0.002269 0.003594 0.004865 0.006706 0.007902 0.009078 0.010237 0.011382 0.012514 
1.304 0.000749 0.002012 0.003187 0.004314 0.005947 0.007007 0.008050 0.009078 0.010093 0.011097 
1.467 0.000673 0.001810 0.002866 0.003880 0.005349 0.006302 0.007240 0.008165 0.009078 0.009981 
1.630 0.000612 0.001646 0.002607 0.003529 0.004865 0.005732 0.006585 0.007426 0.008257 0.009078 
1.793 0.000562 0.001511 0.002393 0.003239 0.004465 0.005261 0.006044 0.006816 0.007578 0.008332 
1.956 0.000520 0.001397 0.002212 0.002995 0.004129 0.004865 0.005589 0.006302 0.007007 0.007704 
2.118 0.000484 0.001300 0.002059 0.002787 0.003842 0.004527 0.005200 0.005864 0.006520 0.007169 
2.281 0.000452 0.001216 0.001926 0.002607 0.003594 0.004235 0.004865 0.005486 0.006099 0.006706 





Liquid flow (g/min) 
0.028 0.084 0.14 0.196 0.28 0.336 0.392 0.448 0.504 0.56 
Lockhart-Martinelli two-phase friction multiplier2 
0.163 1.024348 1.065551 1.103968 1.140945 1.194705 1.229738 1.264283 1.298425 1.33223 1.365745 
0.326 1.013042 1.035085 1.055609 1.075335 1.103968 1.122598 1.140945 1.159057 1.176968 1.194705 
0.489 1.009053 1.024348 1.03858 1.052254 1.072089 1.084988 1.097685 1.110213 1.122598 1.134858 
0.652 1.006987 1.018789 1.029769 1.040315 1.055609 1.065551 1.075335 1.084988 1.094527 1.103968 
0.815 1.005716 1.015369 1.024348 1.03297 1.045472 1.053598 1.061594 1.069482 1.077275 1.084988 
0.978 1.00485 1.013042 1.02066 1.027975 1.03858 1.045472 1.052254 1.058942 1.065551 1.072089 
1.141 1.004222 1.011351 1.017982 1.024348 1.033576 1.039573 1.045472 1.051291 1.05704 1.062727 
1.304 1.003744 1.010066 1.015944 1.021588 1.029769 1.035085 1.040315 1.045472 1.050568 1.055609 
1.467 1.003367 1.009053 1.01434 1.019415 1.026772 1.031552 1.036254 1.040891 1.045472 1.050004 
1.630 1.003063 1.008234 1.013042 1.017657 1.024348 1.028694 1.03297 1.037187 1.041352 1.045472 
1.793 1.002811 1.007556 1.011969 1.016205 1.022344 1.026333 1.030257 1.034126 1.037947 1.041728 
1.956 1.002599 1.006987 1.011067 1.014984 1.02066 1.024348 1.027975 1.031552 1.035085 1.03858 
2.118 1.002418 1.006501 1.010298 1.013942 1.019223 1.022654 1.026029 1.029356 1.032643 1.035895 
2.281 1.002262 1.006082 1.009633 1.013042 1.017982 1.021191 1.024348 1.02746 1.030535 1.033576 
2.444 1.002126 1.005716 1.009053 1.012256 1.016898 1.019914 1.02288 1.025805 1.028694 1.031552 
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Single-phase pressure drop calculation: 
Current density 
(A/cm2) 








f   
Pressure drop 
(kPa) 
0.1 2.47E-07 1.176 37.343 0.431 0.309 
0.2 4.94E-07 2.351 74.686 0.216 0.618 
0.3 7.41E-07 3.527 112.029 0.144 0.927 
0.4 9.88E-07 4.703 149.373 0.108 1.237 
0.5 1.23E-06 5.879 186.716 0.086 1.546 
0.6 1.48E-06 7.054 224.059 0.072 1.855 
0.7 1.73E-06 8.230 261.402 0.062 2.164 
0.8 1.98E-06 9.406 298.745 0.054 2.473 
0.9 2.22E-06 10.582 336.088 0.048 2.782 
1 2.47E-06 11.757 373.431 0.043 3.091 
1.1 2.72E-06 12.933 410.775 0.039 3.400 
1.2 2.96E-06 14.109 448.118 0.036 3.710 
1.3 3.21E-06 15.285 485.461 0.033 4.019 
1.4 3.46E-06 16.460 522.804 0.031 4.328 
 
Figure 32 Relationship between slope of lines in Figure 31 and water flow rate 












Appendix D - Notes from product distribution center facility visit ( January 22, 2015) 
 
Office Products Retailer (OPR) facility and operation 
 This office products retailer (OPR) facility area is about 750,000 ft2. This facility 
supplies solely online orders for a 500 square mile region. Acts as a hub for other 
facilities. 
 There are 17 distribution facilities in the person of contact’s region with average 
warehouse/facility area of 500,000 ft2. 
 This office products retailer had previously researched fuel cell MHEs with 
Nuvera and Plug Power in 2001 and 2010, respectively. The reasons for no 
significant progress include:  
 Lack of compatible fuel cell stacks to fit into various MHEs.  
 Not economically competitive with traditional MHEs.  
 The facilities of this office products retailer are working on upgrading their 
charging system for MHEs (in several locations), the new system can log detailed 
charging time and volume. 
 This office products retailer is paying more attention to sustainability and related 
projects. Their target is to reduce GHG emissions to 50% of 2010 level by 2020. 
 At the end a shift, trucks may be left with a partial charge, and need to be 
immediately charged at the start of the next shift. “Never leave an empty (battery 
level) MHE”: at the end of each shift, make sure to have the recharged battery 
installed for the next shift.  
 Lifts and batteries are graded by age and other factors, then given lighter loads as 
necessary. 
 In this office products retailer facility, batteries are not assigned to specific 
MHEs. 
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 There should be various productivity standards for different organizations. The 
MHE drivers of this office products retailer have productivity standards to keep. 
 The office products retailer facility will start a survey for truck drivers to learn 
their experience on current battery powered MHEs, e.g. how long do they wait for 
battery charging/changing? 
 The office products retailer has a mix of trucks, including swing reach, turret 
trucks, and 1 clamp truck. 
 The aisles where the trucks travel are very narrow. Swing reach trucks are mostly 
stationary. 
 Current battery changer system is at maximum capacity 
o Acid on floor 
o Automatic battery washer 
 From the observation of the progress of battery changing: it takes about 3-5 
minutes with skilled technician to change the battery. However, it takes more time 
to drive the MHE to the battery changing/charging station and the battery 
charging station here can only service 1 MHE at a time. Replacement process: 
 Backs up to station 
 Gets out of truck and removes locks and cover 
 Climbs onto battery cart and logs into the battery management software (cost?) 
 Suction cup pulls old battery onto cart 
 Pushes new battery off cart onto truck 
 Puts old battery on shelf 
 Hooks up battery and puts cover back on 
 There is 1 staff member in charge of the battery station and about 10-12 MHEs 
drivers trained as complementary operators for battery changing. Only one 
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charging station (1 to 2 minutes to travel from farthest corner of the building). 
This area requires personal safety equipment. (e.g. safety mask)  
 The battery charging station is about 2,000 ft2 and requires ventilation ductwork. 
 The batteries in storage should have routine wash schedule (weekly, bi-weekly, or 
monthly). Further, the batteries should also perform deep charge on schedule. The 
battery management system of this facility automatically waters batteries, and 
does a periodic deep charge. 
 Battery powered MHEs only have 2 hours’ working time per day for heavy duty 
operation. 
 Conveyors: 
o 432 motors in conveyors. 
o Big user of compressed air 
 Using long-range motion sensing lights. 
 There will be data from this office products retailer about the MHEs’ working 
profile, total electricity usage, and previous fuel cell analysis data (in 2010 from a 
PEM fuel cell MHE manufacturer). Also this PEM fuel cell MHE manufacturer 
has latest fuel cell performance, durability, and cost data that can share with us. 
 
PEM fuel cell MHE manufacturer fuel cell system and hydrogen supply 
 The PEM fuel cell MHE manufacturer can provide data logging devices to 
monitor the energy consumptions for batteries, and the operating behavior for 
MHE trucks. Data loggers from the PEM fuel cell MHE manufacturer may have 
the capability to monitor the impact of aging batteries on the fleet’s productivity. 
 The PEM fuel cell MHE manufacturer is looking to take advantage of a projected 
40% price increase in electricity in Canada over the next few years. 
 Hydrogen requires federal reporting for tax purposes, handled by the PEM fuel 
cell MHE manufacturer. 
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 Typical leases are between 5 and 6 years. The PEM fuel cells are rated to last 
between 10 and 15 years, and could last as long as 20 with higher maintenance 
cost. 
 Current fuel cell technology provides systems that are cost competitive with 
traditional technology in the field of MHEs. In addition, they provide increased 
productivity and reduced GHG emissions. 
 The PEM fuel cell MHE manufacturer now have the ability to fit their fuel cell 
stacks into most kinds of MHEs. (72 models of dual battery stacks) 
 The required information for fuel cell OEMs are power requirement for the MHEs 
and total number of MHEs. 
 The PEM fuel cell MHE manufacturer stated their fuel cell solutions helped with 
10% productivity increase in Wal-Mart facility. The PEM fuel cell MHE 
manufacturer representative related the 100% to 130% productivity story. 
 If the neighboring facilities also use fuel cell MHEs, the PEM fuel cell MHE 
manufacturer indicated a shared service strategy may be a possibility; if one 
facility’s device is down, there can be quickly reached parts from neighboring 
facility to resume work rapidly. 
 If using fuel cell MHEs, there would be 4 refilling stations in this office products 
retailer facility, which greatly shorten the travel and waiting time for MHEs 
recharging. The by-product of fuel cell-water can be utilized; the PEM fuel cell 
MHE manufacturer representative mentioned use of deionized water as floor 
cleaner. 
 
Other information shared 
1. Only piece of equipment being leased is the floor scrubber, same at other 
facilities. 
a. Expected 7-10% battery turnover per year 
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b. Fleet uses batteries up to 10 years old. 
c. Current battery changer is fairly new mechanically, but uses first 
generation software. 
2. Facility runs 3 shifts 
3.  The office products retailer has numbers on percent time of heavy use during a 
shift. 
4. Typically, first shift uses about 25% of the fleet, 2nd shift uses 100% and 3rd shift 
uses 20%. 
5. No very close neighbors to share hydrogen infrastructure. 
6. 2-3 batteries per truck. 
7. 8 hours’ charge, 8 hours cooling ideally. 
8. ~2,000 ft2 of battery changer space, set to double soon. 
9.  Safety clothing worn in battery room. 1 hp motor used for hydrogen dispersal fan 
(explosion proof). 
a. Recharge batteries at 10% but the truck can be adjusted to show different 
values than actual. 
10. Must fill out report about number of batteries on site and hire a professional 
battery disposal service. 
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Appendix E – Raw data and result for Chapter 4 
For NY facility: 
Input: 
Current lead-acid battery MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Volume of battery pack (Ah) 625 750 875 875 600 1000 600 600 
Quantity of MHE trucks 1 8 0  15 28  28 
Number of battery units for 1 truck* 2 2 2 2 2 2 2 2 
 
36 36 36 48 24 36 24 24 
        
Quantity of battery units 2 16 0 0 30 56 0 56 
Price of battery pack ($/unit) 
$                        4
,056 
$            4,5
44 
$                 5,
204 
$            6,9
98 
$            2,7
24 
$            5,9
10 
$               2,
724 
$            2,7
24 
Annual maintenance for MHE truck ($/1 
truck) 
$                        2
,760 
$            2,7
60 
$                 2,
760 
$            2,7
60 
$            2,7
60 
$            2,7
60 
$               2,
760 
$            2,7
60 
Annual maintenance for lead-acid battery ($/1 
battery pack) 
$                           
721 
$                
721 
$                    
721 
$                
721 
$                
721 
$                
721 
$                  
721 
$                
721 
Charge times of each battery pack (daily) 1 1 1 1 1 1 1 1 
          
     Total numbers of battery racks 80 
Indoor space of charging station (ft2/1 battery 
Station) 
2000   Cost of battery rack ($/1 battery slot) 
$                
100 
Cost of Indoor space ($/ft2) 3   Cost of battery station software ($/year) 
$            1,0
00 
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Total numbers of battery chargers 80   Cost of battery moving trolley ($/1 batt. station) 
$            6,0
00 
Cost of single battery charger ($) 
$                        1
,350 
  Price of electricity ($/kWh) 
$               0
.10 
Maintenance cost for single battery charger 
($/year) 
$                        2
70.0 
  Battery room labor rate ($/1 change) 
$            9.7
50 
Average life span of battery pack (years) 4   Battery room daily working hours (hr.) 8 
Deep charging frequency (#/year) 26   Battery room annual working days (days) 292 
Deep charging time (hrs.) 8   Battery charging efficiency (%) 85% 
Battery cooling time (hrs.) 8   Battery discharging efficiency (%) 76% 
Floor retreatment cost:   Cost of Ductwork 
$            5,0
00 
Frequency of floor retreatment (#/year) 0.5   Cost of ventilation fan 
$            4,5
00 
Hourly labor cost for floor retreatment 
($/hour) 
$                             
35 
       
Average hours of floor retreatment (hrs/one 
time) 
2   Minimum Maximum Average 
Cost of material for floor retreatment ($/one 
time) 
$                           
600 
 Run time (fully charged battery) (hr.) 4.5 6.5 5.5 
Paperwork associate:  Battery recharging time (hours) 5.5 8 6.75 
Battery age tracking&recording (eq. 
hours/year) 
40   First shift Second shift Third shift 
Labor Cost for Paperwork ($/hours) 
$                             
35 
 Swapping time (minutes) 5 5 5 
Battery disposal paperwork (eq. hours/year) 40  
Average wating in line time for recharging 
(minutes) 
0 5 0 
    Average travel time (round trip) for 
recharging (minutes) 
2 2 2 
          
Lithium-ion battery MHE 
 Lithium-ion battery cell specification   
 energy (Wh) Maximum Current (Ah) Single cell Price ($) BMS Price ($)   
 1100 42.4 900 875   
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Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of battery units for 1 truck* 1 1 1 1 1 1 1 1 
 
Quantity of battery units 1 8 0 0 15 28 0 28 
Number of lithium-ion cells for matched 
truck(#) 
40 49 57 76 26 65 26 26 
Price of battery pack ($/unit) 
$                     36,
875 
$         44,9
75 
$              52,
175 
$         69,2
75 
$         24,2
75 
$         59,3
75 
$            24,2
75 
$         24,2
75 
Number of BMS for 1 battery pack 1 1 1 1 1 1 1 1 
Lithium-ion battery MHE capacity (Ah) 1222.2 1497.2 1741.7 1741.7 1191.7 1986.1 1191.7 1191.7 
Equivalent charge time (daily) 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
          
Indoor space of charging station (ft2/1 battery 
Station) 
2000    Total numbers of battery charging plugs 53 
Cost of Indoor space ($/ft2) 3    Battery room labor rate ($/1 change) 
$            9.7
50 
Total numbers of battery chargers 1686    Charging/discharging efficiency 0.85 
Cost of single battery charger per cell ($) 
$                           
215 
   Battery room annual working days (days) 292 
Maintenance cost for single cell battery 
charger ($/year) 
$                             
43 
       
Average life span of battery pack (years) 7   Minimum Maximum Average 
Battery cooling time (hrs.) 0.25  Run time (fully charged battery) (hr.) 10.0 14.4 12.2 
    Battery recharging time (hours) 4 5 4.5 
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Fuel cell MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of fuel cell units for 1 truck* 1 1 1 1 1 1 1 1 
Quantity of fuel cell units 1 8 0 0 15 28 0 28 
Price of fuel cell pack ($/unit) 
$                     29,
900 
$         29,9
00 
$              29,
900 
$         21,0
00 
$         26,9
00 
$         26,9
00 
$            14,5
00 
$         11,0
00 
Annual maintenance cost ($) 
$                       1,
524 
$            1,5
24 
$                1,
524 
$            1,4
04 
$            1,4
04 
$            1,4
04 
$              1,5
24 
$            1,5
24 
Tax credit (48)         
Effective price of fuel cell pack ($) 
$                     29,
900 
$         29,9
00 
$              29,
900 
$         21,0
00 
$         26,9
00 
$         26,9
00 
$            14,5
00 
$         11,0
00 
Fuel cell MHE capacity (kg) 1.1 1.4 1.7 3.4 0.7 1.7 0.72 0.72 
Fuel cell equivalent capacity (Ah) 458.3 583.3 708.3 1062.5 437.5 708.3 450.0 450.0 
Equivalent refill time (daily) 2.07 1.95 1.88 1.25 2.08 2.15 2.03 2.03 
 
Hydrogen installation cost per system ($) 
$                       3,
571 
 Fuel cell charge/discharge efficiency 100% 
Hydrogen Monthly Service Charge (MSC) ($) 
$                     15,
000 
   Average life span of fuel cell pack (hours) 6 
Hydrogen price ($/kg) 
$                         
4.75 
   Spare power units 3 
Indoor space of refueling station (ft2/1 battery 
Station) 
160        
Cost of Indoor space ($/ft2) 3   Minimum Maximum Average 
outdoor space of hydrogen station (ft2/1 
battery Station) 
2000  Run time (fully tank) (hr.) 4.3 6.3 5.3 




 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total capital cost of fleet ($) $                        2,785,215 $                                       5,481,665 $                                                    4,182,335 
Capital cost of MHE truck ($) $                        2,000,000 $                                       2,000,000 $                                                    2,075,000 
Capital cost of power units ($) $                           646,040 $                                       3,103,000 $                                                    1,814,500 
Capital cost of charging/refueling station ($) $                           123,000 $                                          362,490 $                                                       285,680 
Cost of indoor space ($) $                                6,000 $                                               6,000 $                                                               480 
Cost of outdoor space ($) $                                       - $                                                      - $                                                            6,000 
Cost of ventilation ($) $                                9,500 $                                               9,500 $                                                                  - 
Cost of emergency infrastructure ($) $                                   675 $                                                  675 $                                                               675 
 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total annual cost of MHE facility $                           920,763 $                                          592,891 $                                                       740,330 
Cost of battery station software ($) $                                1,000 $                                               1,000 $                                                                  - 
Cost of personal protect equipment ($) $                                   500 $                                                  500 $                                                               500 
Cost of emergency Infrastructure maintenance ($) $                                       - $                                                      - $                                                                  - 
Cost of maintenance ($) $                           357,760 $                                          293,298 $                                                       350,052 
Truck maintenance ($) $                           220,800 $                                          220,800 $                                                       229,080 
Battery/fuel cell power unit maintenance ($) $                           115,360 $                                                      - $                                                       120,972 
Charging/refueling station maintenance ($) $                              21,600 $                                             72,498 $                                                                  - 
Cost of Floor Retreatment $                                   635 $                                                      - $                                                                  - 
Cost of Paperwork Associate $                                2,800 $                                               1,400 $                                                                  - 
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Cost of electricity/hydrogen ($) $                           102,548 $                                             91,690 $                                                       389,778 
Cost of battery room labor ($) $                           455,520 $                                          205,004 $                                                                  - 
 
 Lead acid battery fleet  
Year Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
0 $                            - $               2,785,215  $               2,785,215  
1 $                 852,558 $                             - $                         - $               3,637,773 807923 
2 $                 789,406 $                             - $                         - $               4,427,179 1575546 
3 $                 730,931 $                             - $                         - $               5,158,110 2302869 
4 $                 676,788 $                  474,859 $                         - $               6,309,756 2989893 
5 $                 626,656 $                             - $                         - $               6,936,412 3797816 
6 $                 580,237 $                             - $                         - $               7,516,649 4565439 
7 $                 537,256 $                             - $                         - $               8,053,905 5292762 
8 $                 497,459 $                  349,035 $                         - $               8,900,400 5979786 
9 $                 460,611 $                             - $                         - $               9,361,010 6787709 
10 $                 426,491 $                             - $                         - $               9,787,501 7555332 
11 $                 394,899 $                             - $                         - $            10,182,401 8282655 
12 $                 365,648 $                  256,551 $                         - $            10,804,600 8969679 
13 $                 338,563 $                             - $                         - $            11,143,162 9777602 
14 $                 313,484 $                             - $                         - $            11,456,646 10545225 
15 $                 290,263 $                             - $                         - $            11,746,909 11272548 
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16 $                 268,762 $                  188,573 $                         - $            12,204,243 11959572 
17 $                 248,854 $                             - $                         - $            12,453,097 12767495 
18 $                 230,420 $                             - $                         - $            12,683,517 13535118 
19 $                 213,352 $                             - $                         - $            12,896,869 14262441 
20 $                 197,548 $                  138,607 $                         - $            13,233,023 14949465 
 
Lithium ion battery fleet  
Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
$                         - $               5,481,665  $               5,481,665  
$              548,974 $                             - $                         - $               6,030,639 815636 
$              508,309 $                             - $                         - $               6,538,947 1606399 
$              470,656 $                             - $                         - $               7,009,604 2372289 
$              435,793 $                             - $                         - $               7,445,397 3113307 
$              403,512 $                             - $                         - $               7,848,908 3829451 
$              373,622 $                             - $                         - $               8,222,531 4520723 
$              345,946 $               1,810,571 $                         - $            10,379,048 5187122 
$              320,321 $                             - $                         - $            10,699,369 6002758 
$              296,593 $                             - $                         - $            10,995,962 6793521 
$              274,623 $                             - $                         - $            11,270,585 7559411 
$              254,281 $                             - $                         - $            11,524,866 8300429 
$              235,445 $                             - $                         - $            11,760,312 9016573 
254 
$              218,005 $                             - $                         - $            11,978,317 9707845 
$              201,856 $               1,056,451 $                         - $            13,236,624 10374244 
$              186,904 $                             - $                         - $            13,423,528 11189880 
$              173,059 $                             - $                         - $            13,596,587 11980643 
$              160,240 $                             - $                         - $            13,756,827 12746533 
$              148,371 $                             - $                         - $            13,905,198 13487551 
$              137,380 $                             - $                         - $            14,042,578 14203695 
$              127,204 $                             - $                         - $            14,169,782 14894967 
 
Fuel cell battery fleet  
Annual cost capital cost （2 packs） capital cost （3 packs） Total cost Total energy delivered 
$                         - $               4,182,335  $               4,182,335  
$              685,491 $                             - $                      - $               4,867,826 821423 
$              634,714 $                             - $                      - $               5,502,540 1629547 
$              587,698 $                             - $                      - $               6,090,238 2424372 
$              544,165 $                             - $                      - $               6,634,403 3205898 
$              503,856 $                             - $                      - $               7,138,259 3974126 
$              466,534 $               1,092,588 $                      - $               8,697,381 4729055 
$              431,976 $                             - $                      - $               9,129,357 5550477 
$              399,977 $                             - $                      - $               9,529,334 6358601 
$              370,349 $                             - $                      - $               9,899,684 7153427 
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$              342,916 $                             - $                      - $            10,242,600 7934953 
$              317,515 $                             - $                      - $            10,560,115 8703181 
$              293,995 $                  688,516 $                      - $            11,542,626 9458109 
$              272,218 $                             - $                      - $            11,814,844 10279532 
$              252,054 $                             - $                      - $            12,066,897 11087656 
$              233,383 $                             - $                      - $            12,300,280 11882481 
$              216,095 $                             - $                      - $            12,516,376 12664008 
$              200,088 $                             - $                      - $            12,716,464 13432235 
$              185,267 $                  433,882 $                      - $            13,335,613 14187164 
$              171,543 $                             - $                      - $            13,507,156 15008587 
$              158,837 $                             - $                      - $            13,665,993 15816711 
 
For PA facility: 
Input 
Current lead-acid battery MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Volume of battery pack (Ah) 625 750 875 875 600 1000 600 600 
Quantity of MHE trucks 5 4 6  21 21  40 
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Number of battery units for 1 truck* 2 3 3 2 2 3 2 2 
 
36 36 36 48 24 36 24 24 
        
Quantity of battery units 10 12 18 0 42 63 0 80 
Price of battery pack ($/unit) 
$                        4
,056 
$            4,5
44 
$                 5,
204 
$            6,9
98 
$            2,7
24 
$            5,9
10 
$               2,
724 
$            2,7
24 
Annual maintenance for MHE truck ($/1 
truck) 
$                        2
,760 
$            2,7
60 
$                 2,
760 
$            2,7
60 
$            2,7
60 
$            2,7
60 
$               2,
760 
$            2,7
60 
Annual maintenance for lead-acid battery ($/1 
battery pack) 
$                           
721 
$                
721 
$                    
721 
$                
721 
$                
721 
$                
721 
$                  
721 
$                
721 
Charge times of each battery pack (daily) 1 1 1 1 1 1 1 1 
          
     Total numbers of battery racks 128 
Indoor space of charging station (ft2/1 battery 
Station) 
2000   Cost of battery rack ($/1 battery slot) 
$                
100 
Cost of Indoor space ($/ft2) 3   Cost of battery station software ($/year) 
$            1,0
00 
Total numbers of battery chargers 97   Cost of battery moving trolley ($/1 batt. station) 
$            6,0
00 
Cost of single battery charger ($) 
$                        1
,350   
Price of electricity ($/kWh) 
$               0
.09 
Maintenance cost for single battery charger 
($/year) 
$                        2
70.0 
  Battery room labor rate ($/1 change) 
$            9.7
50 
Average life span of battery pack (years) 4   Battery room daily working hours (hr.) 8 
Deep charging frequency (#/year) 26   Battery room annual working days (days) 292 
Deep charging time (hrs.) 8   Battery charging efficiency (%) 85% 
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Battery cooling time (hrs.) 8   Battery discharging efficiency (%) 76% 
Floor retreatment cost:   Cost of Ductwork 
$            5,0
00 
Frequency of floor retreatment (#/year) 0.5   Cost of ventilation fan 
$            4,5
00 
Hourly labor cost for floor retreatment 
($/hour) 
$                             
35 
       
Average hours of floor retreatment (hrs/one 
time) 
2   Minimum Maximum Average 
Cost of material for floor retreatment ($/one 
time) 
$                           
600 
 Run time (fully charged battery) (hr.) 4.5 6.5 5.5 
Paperwork associate:  Battery recharging time (hours) 5.5 8 6.75 
Battery age tracking&recording (eq. 
hours/year) 
40   First shift Second shift Third shift 
Labor Cost for Paperwork ($/hours) 
$                             
35  
Swapping time (minutes) 5 5 5 
Battery disposal paperwork (eq. hours/year) 40  
Average waiting in line time for recharging 
(minutes) 
0 5 0 
    
Average travel time (round trip) for 
recharging (minutes) 
2 2 2 
          
Lithium-ion battery MHE 
 Lithium-ion battery cell specification   
 energy (Wh) Maximum Current (Ah) Single cell Price ($) BMS Price ($)   
 1100 42.4 900 875   
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Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of battery units for 1 truck* 1 1 1 1 1 1 1 1 
 
Quantity of battery units 5 4 6 0 21 21 0 40 
Number of lithium-ion cells for matched 
truck(#) 
40 49 57 76 26 65 26 26 
Price of battery pack ($/unit) 
$                     36,
875 
$         44,9
75 
$              52,
175 
$         69,2
75 
$         24,2
75 
$         59,3
75 
$            24,2
75 
$         24,2
75 
Number of BMS for 1 battery pack 1 1 1 1 1 1 1 1 
Lithium-ion battery MHE capacity (Ah) 1222.2 1497.2 1741.7 1741.7 1191.7 1986.1 1191.7 1191.7 
Equivalent charge time (daily) 0.9 1.3 1.3 0.9 0.9 1.4 0.9 0.9 
          
Indoor space of charging station (ft2/1 battery 
Station) 
2000    Total numbers of battery charging plugs 64 
Cost of Indoor space ($/ft2) 3    Battery room labor rate ($/1 change) 
$            9.7
50 
Total numbers of battery chargers 1845    Charging/discharging efficiency 0.85 
Cost of single battery charger per cell ($) 
$                           
215    
Battery room annual working days (days) 292 
Maintenance cost for single cell battery 
charger ($/year) 
$                             
43 
       
Average life span of battery pack (years) 6   Minimum Maximum Average 
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Battery cooling time (hrs.) 0.25  Run time (fully charged battery) (hr.) 10.0 14.4 12.2 
    Battery recharging time (hours) 4 5 4.5 
          
Fuel cell MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of fuel cell units for 1 truck* 1 1 1 1 1 1 1 1 
Quantity of fuel cell units 5 4 6 0 21 21 0 40 
Price of fuel cell pack ($/unit) 
$                     29,
900 
$         29,9
00 
$              29,
900 
$         21,0
00 
$         26,9
00 
$         26,9
00 
$            14,5
00 
$         11,0
00 
Annual maintenance cost ($) 
$                       1,
524 
$            1,5
24 
$                1,
524 
$            1,4
04 
$            1,4
04 
$            1,4
04 
$              1,5
24 
$            1,5
24 
Tax credit (48) 
$                               
- 
$                  
- 
$                        
- 
$                   
- 
$                   
- 
$                   
- 
$                      
- 
$                   
- 
Effective price of fuel cell pack ($) 
$                     29,
900 
$         29,9
00 
$              29,
900 
$         21,0
00 
$         26,9
00 
$         26,9
00 
$            14,5
00 
$         11,0
00 
Fuel cell MHE capacity (kg) 1.1 1.4 1.7 3.4 0.7 1.7 0.72 0.72 
Fuel cell equivalent capacity (Ah) 458.3 583.3 708.3 1062.5 437.5 708.3 450.0 450.0 
Equivalent refill time (daily) 2.07 2.93 2.82 1.25 2.08 3.22 2.03 2.03 
 
Hydrogen installation cost per system ($) 
$                       3,
571 
 Fuel cell charge/discharge efficiency 100% 
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Hydrogen Monthly Service Charge (MSC) ($) 
$                     15,
000    
Average life span of fuel cell pack (hours) 5 
Hydrogen price ($/kg) 
$                         
4.75 
   Spare power units 3 
Indoor space of refueling station (ft2/1 battery 
Station) 
160        
Cost of Indoor space ($/ft2) 3   Minimum Maximum Average 
outdoor space of hydrogen station (ft2/1 
battery Station) 
2000  Run time (fully tank) (hr.) 4.4 6.3 5.4 
Cost of Indoor space ($/ft2) 3  Refueling time (hours) 0.03 0.05 0.04 
 
Result: 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total capital cost of fleet ($) $                        3,485,343 $                                       6,242,825 $                                                    4,952,542 
Capital cost of MHE truck ($) $                        2,425,000 $                                       2,425,000 $                                                    2,500,000 
Capital cost of power units ($) $                           893,418 $                                       3,404,975 $                                                    2,099,000 
Capital cost of charging/refueling station ($) $                           150,750 $                                          396,675 $                                                       346,387 
Cost of indoor space ($) $                                6,000 $                                               6,000 $                                                               480 
Cost of outdoor space ($) $                                       - $                                                      - $                                                            6,000 
Cost of ventilation ($) $                                9,500 $                                               9,500 $                                                                  - 
Cost of emergency infrastructure ($) $                                   675 $                                                  675 $                                                               675 
 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total annual cost of MHE facility $                        1,228,798 $                                          752,093 $                                                       892,514 
261 
Cost of battery station software ($) $                                1,000 $                                               1,000 $                                                                  - 
Cost of personal protect equipment ($) $                                   500 $                                                  500 $                                                               500 
Cost of emergency Infrastructure maintenance ($) $                                       - $                                                      - $                                                                  - 
Cost of maintenance ($) $                           456,135 $                                          347,055 $                                                       423,000 
Truck maintenance ($) $                           267,720 $                                          267,720 $                                                       276,000 
Battery/fuel cell power unit maintenance ($) $                           162,225 $                                                      - $                                                       147,000 
Charging/refueling station maintenance ($) $                              26,190 $                                             79,335 $                                                                  - 
Cost of Floor Retreatment $                                   635 $                                                      - $                                                                  - 
Cost of Paperwork Associate $                                2,800 $                                               1,400 $                                                                  - 
Cost of electricity/hydrogen ($) $                           127,153 $                                          113,690 $                                                       469,014 
Cost of battery room labor ($) $                           640,575 $                                          288,449 $                                                                  - 
 
 Lead acid battery fleet  
Year Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
0 $                            - $               3,485,343  $               3,485,343  
1 $              1,137,776 $                             - $                         - $               4,623,119 1113086 
2 $              1,053,496 $                             - $                         - $               5,676,615 2170650 
3 $                 975,460 $                             - $                         - $               6,652,075 3172694 
4 $                 903,203 $                  274,084 $              382,605 $               8,211,967 4119216 
5 $                 836,299 $                             - $                         - $               9,048,267 5232302 
6 $                 774,351 $                             - $                         - $               9,822,618 6289866 
7 $                 716,992 $                             - $                         - $            10,539,610 7291909 
262 
8 $                 663,881 $                  201,460 $              281,226 $            11,686,177 8238432 
9 $                 614,705 $                             - $                         - $            12,300,882 9351517 
10 $                 569,171 $                             - $                         - $            12,870,053 10409082 
11 $                 527,010 $                             - $                         - $            13,397,064 11411125 
12 $                 487,973 $                  148,079 $              206,710 $            14,239,825 12357648 
13 $                 451,827 $                             - $                         - $            14,691,652 13470733 
14 $                 418,358 $                             - $                         - $            15,110,010 14528298 
15 $                 387,368 $                             - $                         - $            15,497,378 15530341 
16 $                 358,674 $                  108,842 $              151,938 $            16,116,833 16476863 
17 $                 332,106 $                             - $                         - $            16,448,939 17589949 
18 $                 307,506 $                             - $                         - $            16,756,444 18647514 
19 $                 284,727 $                             - $                         - $            17,041,172 19649557 
20 $                 263,636 $                    80,002 $              111,679 $            17,496,489 20596079 
 
Lithium ion battery fleet  
Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
$                         - $               6,242,825  $               6,242,825  
$              696,383 $                             - $                         - $               6,939,208 1118431 
$              644,799 $                             - $                         - $               7,584,007 2192031 
$              597,036 $                             - $                         - $               8,181,043 3220801 
$              552,811 $                             - $           1,278,823 $            10,012,677 4204741 
$              511,862 $                             - $                         - $            10,524,539 5270290 
263 
$              473,946 $                             - $                         - $            10,998,486 6291008 
$              438,839 $                  971,599 $                         - $            12,408,924 7266897 
$              406,333 $                             - $              939,973 $            13,755,230 8290497 
$              376,234 $                             - $                         - $            14,131,464 9395708 
$              348,365 $                             - $                         - $            14,479,829 10456088 
$              322,560 $                             - $                         - $            14,802,389 11471637 
$              298,667 $                             - $              690,908 $            15,791,964 12442356 
$              276,543 $                             - $                         - $            16,068,507 13494685 
$              256,059 $                  566,919 $                         - $            16,891,484 14502183 
$              237,091 $                             - $                         - $            17,128,575 15557394 
$              219,529 $                             - $              507,838 $            17,855,942 16567774 
$              203,267 $                             - $                         - $            18,059,210 17659764 
$              188,211 $                             - $                         - $            18,247,421 18706924 
$              174,269 $                             - $                         - $            18,421,690 19709252 
$              161,360 $                             - $              373,276 $            18,956,326 20666751 
 
Fuel cell battery fleet  
Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
$                         - $               4,952,542  $               4,952,542  
$              826,402 $                             - $                      - $               5,778,944 1128871 
$              765,187 $                             - $                      - $               6,544,131 2233790 
$              708,507 $                             - $                      - $               7,252,638 3314758 
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$              656,025 $                             - $           634,992 $               8,543,655 4371774 
$              607,430 $                             - $                      - $               9,151,086 5472392 
$              562,435 $                  727,468 $                      - $            10,440,989 6549059 
$              520,774 $                             - $                      - $            10,961,762 7644153 
$              482,198 $                             - $           466,738 $            11,910,698 8715296 
$              446,479 $                             - $                      - $            12,357,178 9830040 
$              413,407 $                             - $                      - $            12,770,585 10920833 
$              382,784 $                             - $                      - $            13,153,369 11987674 
$              354,430 $                  458,428 $           343,067 $            14,309,293 13030564 
$              328,176 $                             - $                      - $            14,637,469 14159435 
$              303,866 $                             - $                      - $            14,941,335 15264354 
$              281,358 $                             - $                      - $            15,222,693 16345322 
$              260,516 $                             - $           252,164 $            15,735,374 17402339 
$              241,219 $                             - $                      - $            15,976,593 18502956 
$              223,351 $                  288,887 $                      - $            16,488,831 19579623 
$              206,806 $                             - $                      - $            16,695,637 20674717 
$              191,487 $                             - $           185,348 $            17,072,473 21745860 
 
For MD facility: 
Input 
Current lead-acid battery MHE 
265 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Volume of battery pack (Ah) 625 750 875 875 600 1000 600 600 
Quantity of MHE trucks 16 0 12 8 12 14 37 20 
Number of battery units for 1 truck* 1 2 2 1 2 2 2 2 
 
36 36 36 48 24 36 24 24 
        
Quantity of battery units 16 0 24 8 24 28 74 40 
Price of battery pack ($/unit) 
$                        4,
056 
$            4,5
44 
$                 5,
204 
$            6,9
98 
$            2,7
24 
$            5,9
10 
$               2,
724 
$            2,7
24 
Annual maintenance for MHE truck ($/1 
truck) 
$                        2,
760 
$            2,7
60 
$                 2,
760 
$            2,7
60 
$            2,7
60 
$            2,7
60 
$               2,
760 
$            2,7
60 
Annual maintenance for lead-acid battery 
($/1 battery pack) 
$                           
721 
$                7
21 
$                    
721 
$                7
21 
$                7
21 
$                7
21 
$                  
721 
$                7
21 
Charge times of each battery pack (daily) 1 1 1 1 1 1 1 1 
          
     Total numbers of battery racks 95 
Indoor space of charging station (ft2/1 
battery Station) 
2000   Cost of battery rack ($/1 battery slot) 
$                1
00 
Cost of Indoor space ($/ft2) 3   Cost of battery station software ($/year) 
$            1,0
00 
Total numbers of battery chargers 119   Cost of battery moving trolley ($/1 batt. station) 
$            6,0
00 
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Cost of single battery charger ($) 
$                        1,
350   
Price of electricity ($/kWh) 
$               0.
09 
Maintenance cost for single battery charger 
($/year) 
$                        2
70.0 
  Battery room labor rate ($/1 change) 
$            9.7
50 
Average life span of battery pack (years) 4   Battery room daily working hours (hr.) 8 
Deep charging frequency (#/year) 26   Battery room annual working days (days) 292 
Deep charging time (hrs.) 8   Battery charging efficiency (%) 85% 
Battery cooling time (hrs.) 8   Battery discharging efficiency (%) 76% 
Floor retreatment cost:   Cost of Ductwork 
$            5,0
00 
Frequency of floor retreatment (#/year) 0.5   Cost of ventilation fan 
$            4,5
00 
Hourly labor cost for floor retreatment 
($/hour) 
$                             
35 
       
Average hours of floor retreatment (hrs/one 
time) 
2   Minimum Maximum Average 
Cost of material for floor retreatment 
($/one time) 
$                           
600 
 Run time (fully charged battery) (hr.) 4.5 6.5 5.5 
Paperwork associate:  Battery recharging time (hours) 5.5 8 6.75 
Battery age tracking&recording (eq. 
hours/year) 
40   First shift Second shift Third shift 
Labor Cost for Paperwork ($/hours) 
$                             
35  
Swapping time (minutes) 5 5 5 
Battery disposal paperwork (eq. 
hours/year) 
40  
Average waiting in line time for recharging 
(minutes) 
0 5 0 
    
Average travel time (round trip) for 
recharging (minutes) 
2 2 2 
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Lithium-ion battery MHE 
 Lithium-ion battery cell specification   
 energy (Wh) Maximum Current (Ah) Single cell Price ($) BMS Price ($)   
 1100 42.4 900 875   
          
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of battery units for 1 truck* 1 1 1 1 1 1 1 1 
 
Quantity of battery units 16 0 12 8 12 14 37 20 
Number of lithium-ion cells for matched 
truck(#) 
40 49 57 76 26 65 26 26 
Price of battery pack ($/unit) 
$                     36,
875 
$         44,97
5 
$              52,1
75 
$         69,27
5 
$         24,27
5 
$         59,37
5 
$            24,2
75 
$         24,27
5 
Number of BMS for 1 battery pack 1 1 1 1 1 1 1 1 
Lithium-ion battery MHE capacity (Ah) 1222.2 1497.2 1741.7 1741.7 1191.7 1986.1 1191.7 1191.7 
Equivalent charge time (daily) 0.5 0.9 0.9 0.4 0.9 0.9 0.9 0.9 
          
Indoor space of charging station (ft2/1 
battery Station) 
2000    Total numbers of battery charging plugs 79 
Cost of Indoor space ($/ft2) 3    Battery room labor rate ($/1 change) 
$            9.7
50 
268 
Total numbers of battery chargers 2319    Charging/discharging efficiency 0.85 
Cost of single battery charger per cell ($) 
$                           
215    
Battery room annual working days (days) 292 
Maintenance cost for single cell battery 
charger ($/year) 
$                             
43 
       
Average life span of battery pack (years) 7   Minimum Maximum Average 
Battery cooling time (hrs.) 0.25  Run time (fully charged battery) (hr.) 10.0 14.4 12.2 
    Battery recharging time (hours) 4 5 4.5 
          
Fuel cell MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of fuel cell units for 1 truck* 1 1 1 1 1 1 1 1 
Quantity of fuel cell units 16 0 12 8 12 14 37 20 
Price of fuel cell pack ($/unit) 
$                     29,
900 
$         29,90
0 
$              29,9
00 
$         21,00
0 
$         26,90
0 
$         26,90
0 
$            14,5
00 
$         11,00
0 
Annual maintenance cost ($) 
$                       1,
524 
$            1,5
24 
$                1,5
24 
$            1,4
04 
$            1,4
04 
$            1,4
04 
$              1,5
24 
$            1,5
24 
Tax credit (48)         
Effective price of fuel cell pack ($) 
$                     29,
900 
$         29,90
0 
$              29,9
00 
$         21,00
0 
$         26,90
0 
$         26,90
0 
$            14,5
00 
$         11,00
0 
Fuel cell MHE capacity (kg) 1.1 1.4 1.7 3.4 0.7 1.7 0.72 0.72 
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Fuel cell equivalent capacity (Ah) 458.3 583.3 708.3 1062.5 437.5 708.3 450.0 450.0 
Equivalent refill time (daily) 1.04 1.95 1.88 0.63 2.08 2.15 2.03 2.03 
 
Hydrogen installation cost per system ($) 
$                       3,
571 
 Fuel cell charge/discharge efficiency 100% 
Hydrogen Monthly Service Charge (MSC) 
($) 
$                     15,
000    
Average life span of fuel cell pack (hours) 7 
Hydrogen price ($/kg) 
$                         4
.75 
   Spare power units 3 
Indoor space of refueling station (ft2/1 
battery Station) 
160        
Cost of Indoor space ($/ft2) 3   Minimum Maximum Average 
outdoor space of hydrogen station (ft2/1 
battery Station) 
2000  Run time (fully tank) (hr.) 4.6 6.7 5.6 
Cost of Indoor space ($/ft2) 3  Refueling time (hours) 0.03 0.05 0.04 
 
Result: 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total capital cost of fleet ($) $                        3,955,493 $                                       7,766,285 $                                                    6,023,904 
Capital cost of MHE truck ($) $                        2,975,000 $                                       2,975,000 $                                                    3,050,000 
Capital cost of power units ($) $                           787,168 $                                       4,276,525 $                                                    2,541,800 
Capital cost of charging/refueling station ($) $                           177,150 $                                          498,585 $                                                       424,949 
Cost of indoor space ($) $                                6,000 $                                               6,000 $                                                               480 
Cost of outdoor space ($) $                                       - $                                                      - $                                                            6,000 
270 
Cost of ventilation ($) $                                9,500 $                                               9,500 $                                                                  - 
Cost of emergency infrastructure ($) $                                   675 $                                                  675 $                                                               675 
 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total annual cost of MHE facility $                        1,239,055 $                                          803,917 $                                                       948,728 
Cost of battery station software ($) $                                1,000 $                                               1,000 $                                                                  - 
Cost of personal protect equipment ($) $                                   500 $                                                  500 $                                                               500 
Cost of emergency Infrastructure maintenance ($) $                                       - $                                                      - $                                                                  - 
Cost of maintenance ($) $                           514,864 $                                          428,157 $                                                       518,208 
Truck maintenance ($) $                           328,440 $                                          328,440 $                                                       336,720 
Battery/fuel cell power unit maintenance ($) $                           154,294 $                                                      - $                                                       181,488 
Charging/refueling station maintenance ($) $                              32,130 $                                             99,717 $                                                                  - 
Cost of Floor Retreatment $                                   635 $                                                      - $                                                                  - 
Cost of Paperwork Associate $                                2,800 $                                               1,400 $                                                                  - 
Cost of electricity/hydrogen ($) $                           109,998 $                                             98,351 $                                                       430,020 
Cost of battery room labor ($) $                           609,258 $                                          274,509 $                                                                  - 
 
 Lead acid battery fleet  
Year Annual cost capital cost(2 packs) capital cost （1 packs） Total cost Total energy delivered 
0 $                            - $               3,955,493  $               3,955,493  
1 $              1,147,273 $                             - $                         - $               5,102,766 962908 
2 $              1,062,290 $                             - $                         - $               6,165,055 1877785 
271 
3 $                 983,601 $                             - $                         - $               7,148,657 2744632 
4 $                 910,742 $                  489,742 $                88,850 $               8,637,991 3563449 
5 $                 843,280 $                             - $                         - $               9,481,271 4526356 
6 $                 780,815 $                             - $                         - $            10,262,085 5441233 
7 $                 722,976 $                             - $                         - $            10,985,062 6308080 
8 $                 669,423 $                  359,975 $                65,308 $            12,079,767 7126897 
9 $                 619,836 $                             - $                         - $            12,699,602 8089805 
10 $                 573,922 $                             - $                         - $            13,273,524 9004682 
11 $                 531,409 $                             - $                         - $            13,804,934 9871529 
12 $                 492,046 $                  264,592 $                48,003 $            14,609,574 10690346 
13 $                 455,598 $                             - $                         - $            15,065,172 11653253 
14 $                 421,850 $                             - $                         - $            15,487,022 12568131 
15 $                 390,602 $                             - $                         - $            15,877,624 13434978 
16 $                 361,668 $                  194,483 $                35,284 $            16,469,059 14253794 
17 $                 334,878 $                             - $                         - $            16,803,937 15216702 
18 $                 310,072 $                             - $                         - $            17,114,009 16131579 
19 $                 287,104 $                             - $                         - $            17,401,113 16998426 
20 $                 265,837 $                  142,951 $                25,935 $            17,835,835 17817243 
 
Lithium ion battery fleet  
Annual cost capital cost(2 packs) capital cost （1 packs） Total cost Total energy delivered 
$                         - $               7,766,285  $               7,766,285  
272 
$              744,368 $                             - $                         - $               8,510,653 973233 
$              689,229 $                             - $                         - $               9,199,882 1919086 
$              638,175 $                             - $                         - $               9,838,057 2837559 
$              590,903 $                             - $                         - $            10,428,960 3728652 
$              547,132 $                             - $                         - $            10,976,093 4592366 
$              506,604 $                             - $                         - $            11,482,697 5428700 
$              469,078 $               1,827,682 $                         - $            13,779,457 6237654 
$              434,331 $                             - $                         - $            14,213,788 7194616 
$              402,159 $                             - $                         - $            14,615,947 8124198 
$              372,369 $                             - $                         - $            14,988,316 9026400 
$              344,786 $                             - $                         - $            15,333,102 9901223 
$              319,247 $                             - $                         - $            15,652,349 10748666 
$              295,599 $                             - $              420,720 $            16,368,667 11568729 
$              273,702 $               1,066,435 $                         - $            17,708,804 12391629 
$              253,428 $                             - $                         - $            17,962,233 13362537 
$              234,656 $                             - $                         - $            18,196,888 14306066 
$              217,274 $                             - $                         - $            18,414,162 15222215 
$              201,179 $                             - $                         - $            18,615,342 16110984 
$              186,277 $                             - $                         - $            18,801,619 16972373 
$              172,479 $                             - $                         - $            18,974,098 17806382 
 
Fuel cell battery fleet  
273 
Annual cost capital cost(2 packs) capital cost （1 packs） Total cost Total energy delivered 
$                         - $               6,023,904  $               6,023,904  
$              878,452 $                             - $                      - $               6,902,356 979618 
$              813,382 $                             - $                      - $               7,715,738 1944626 
$              753,131 $                             - $                      - $               8,468,869 2895024 
$              697,344 $                             - $                      - $               9,166,213 3830813 
$              645,689 $                             - $                      - $               9,811,901 4751992 
$              597,860 $               1,143,569 $                      - $            11,553,330 5658561 
$              553,574 $                             - $                      - $            12,106,904 6630737 
$              512,568 $                             - $                      - $            12,619,472 7588304 
$              474,600 $                             - $                      - $            13,094,073 8531260 
$              439,445 $                             - $                      - $            13,533,518 9459607 
$              406,893 $                             - $                      - $            13,940,411 10373345 
$              376,753 $                  720,642 $           256,694 $            15,294,501 11272472 
$              348,845 $                             - $                      - $            15,643,346 12252090 
$              323,005 $                             - $                      - $            15,966,351 13217098 
$              299,079 $                             - $                      - $            16,265,430 14167497 
$              276,925 $                             - $                      - $            16,542,355 15103285 
$              256,412 $                             - $                      - $            16,798,767 16024464 
$              237,418 $                  454,127 $                      - $            17,490,312 16931034 
$              219,832 $                             - $                      - $            17,710,144 17903210 
$              203,548 $                             - $                      - $            17,913,692 18860776 
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For CA facility 
Input 
Current lead-acid battery MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Volume of battery pack (Ah) 625 750 875 875 600 1000 600 600 
Quantity of MHE trucks 4 28 8 5 6 12 16 16 
Number of battery units for 1 truck* 3 3 3 3 3 3 3 3 
 
36 36 36 48 24 36 24 24 
        
Quantity of battery units 12 84 24 15 18 36 48 48 
Price of battery pack ($/unit) 
$                        4
,056 
$            4,5
44 
$                 5,
204 
$            6,9
98 
$            2,7
24 
$            5,9
10 
$               2,
724 
$            2,7
24 
Annual maintenance for MHE truck ($/1 
truck) 
$                        2
,760 
$            2,7
60 
$                 2,
760 
$            2,7
60 
$            2,7
60 
$            2,7
60 
$               2,
760 
$            2,7
60 
Annual maintenance for lead-acid battery ($/1 
battery pack) 
$                           
721 
$                
721 
$                    
721 
$                
721 
$                
721 
$                
721 
$                  
721 
$                
721 
Charge times of each battery pack (daily) 1 1 1 1 1 1 1 1 
          
     Total numbers of battery racks 190 
Indoor space of charging station (ft2/1 battery 
Station) 
2000   Cost of battery rack ($/1 battery slot) 
$                
100 
275 
Cost of Indoor space ($/ft2) 3   Cost of battery station software ($/year) 
$            1,0
00 
Total numbers of battery chargers 95   Cost of battery moving trolley ($/1 batt. station) 
$            6,0
00 
Cost of single battery charger ($) 
$                        1
,350 
  Price of electricity ($/kWh) 
$               0
.17 
Maintenance cost for single battery charger 
($/year) 
$                        2
70.0   
Battery room labor rate ($/1 change) 
$            9.7
50 
Average life span of battery pack (years) 4   Battery room daily working hours (hr.) 8 
Deep charging frequency (#/year) 26   Battery room annual working days (days) 292 
Deep charging time (hrs.) 8   Battery charging efficiency (%) 85% 
Battery cooling time (hrs.) 8   Battery discharging efficiency (%) 76% 
Floor retreatment cost:   Cost of Ductwork 
$            5,0
00 
Frequency of floor retreatment (#/year) 0.5   Cost of ventilation fan 
$            4,5
00 
Hourly labor cost for floor retreatment 
($/hour) 
$                             
35 
       
Average hours of floor retreatment (hrs/one 
time) 
2   Minimum Maximum Average 
Cost of material for floor retreatment ($/one 
time) 
$                           
600  
Run time (fully charged battery) (hr.) 4.5 6.5 5.5 
Paperwork associate:  Battery recharging time (hours) 5.5 8 6.75 
Battery age tracking&recording (eq. 
hours/year) 
40   First shift Second shift Third shift 
Labor Cost for Paperwork ($/hours) 
$                             
35 
 Swapping time (minutes) 5 5 5 
276 
Battery disposal paperwork (eq. hours/year) 40  
Average waiting in line time for recharging 
(minutes) 
0 5 0 
    
Average travel time (round trip) for 
recharging (minutes) 
2 2 2 
          
Lithium-ion battery MHE 
 Lithium-ion battery cell specification   
 energy (Wh) Maximum Current (Ah) Single cell Price ($) BMS Price ($)   
 1100 42.4 900 875   
          
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of battery units for 1 truck* 1 1 1 1 1 1 1 1 
 
Quantity of battery units 4 28 8 5 6 12 16 16 
Number of lithium-ion cells for matched 
truck(#) 
40 49 57 76 26 65 26 26 
Price of battery pack ($/unit) 
$                     36,
875 
$         44,9
75 
$              52,
175 
$         69,2
75 
$         24,2
75 
$         59,3
75 
$            24,2
75 
$         24,2
75 
Number of BMS for 1 battery pack 1 1 1 1 1 1 1 1 
Lithium-ion battery MHE capacity (Ah) 1222.2 1497.2 1741.7 1741.7 1191.7 1986.1 1191.7 1191.7 
Equivalent charge time (daily) 1.4 1.3 1.3 1.3 1.4 1.4 1.4 1.4 
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Indoor space of charging station (ft2/1 battery 
Station) 
2000    Total numbers of battery charging plugs 63 
Cost of Indoor space ($/ft2) 3    Battery room labor rate ($/1 change) 
$            9.7
50 
Total numbers of battery chargers 2069    Charging/discharging efficiency 0.85 
Cost of single battery charger per cell ($) 
$                           
215 
   Battery room annual working days (days) 292 
Maintenance cost for single cell battery 
charger ($/year) 
$                             
43        
Average life span of battery pack (years) 4   Minimum Maximum Average 
Battery cooling time (hrs.) 0.25  Run time (fully charged battery) (hr.) 10.0 14.5 12.2 
    Battery recharging time (hours) 4 5 4.5 
          
Fuel cell MHE 
 
Class 1 Class 2 Class 3 
3-Wh Class 1 

























Number of fuel cell units for 1 truck* 1 1 1 1 1 1 1 1 
Quantity of fuel cell units 4 28 8 5 6 12 16 16 
Price of fuel cell pack ($/unit) 
$                     29,
900 
$         29,9
00 
$              29,
900 
$         21,0
00 
$         26,9
00 
$         26,9
00 
$            14,5
00 
$         11,0
00 
Annual maintenance cost ($) 
$                       1,
524 
$            1,5
24 
$                1,
524 
$            1,4
04 
$            1,4
04 
$            1,4
04 
$              1,5
24 
$            1,5
24 
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Tax credit (48)         
Effective price of fuel cell pack ($) 
$                     29,
900 
$         29,9
00 
$              29,
900 
$         21,0
00 
$         26,9
00 
$         26,9
00 
$            14,5
00 
$         11,0
00 
Fuel cell MHE capacity (kg) 1.1 1.4 1.7 3.4 0.7 1.7 0.72 0.72 
Fuel cell equivalent capacity (Ah) 458.3 583.3 708.3 1062.5 437.5 708.3 450.0 450.0 
Equivalent refill time (daily) 3.11 2.93 2.82 1.88 3.13 3.22 3.04 3.04 
 
Hydrogen installation cost per system ($) 
$                       3,
571  
Fuel cell charge/discharge efficiency 100% 
Hydrogen Monthly Service Charge (MSC) ($) 
$                     15,
000 
   Average life span of fuel cell pack (hours) 4 
Hydrogen price ($/kg) 
$                         
4.75 
   Spare power units 3 
Indoor space of refueling station (ft2/1 battery 
Station) 
160        
Cost of Indoor space ($/ft2) 3   Minimum Maximum Average 
outdoor space of hydrogen station (ft2/1 
battery Station) 
2000  Run time (fully tank) (hr.) 4.6 6.7 5.6 
Cost of Indoor space ($/ft2) 3  Refueling time (hours) 0.03 0.05 0.04 
 
Result: 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total capital cost of fleet ($) $                        3,728,955 $                                       6,641,535 $                                                    5,070,300 
Capital cost of MHE truck ($) $                        2,375,000 $                                       2,375,000 $                                                    2,450,000 
Capital cost of power units ($) $                        1,183,530 $                                       3,805,525 $                                                    2,273,900 
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Capital cost of charging/refueling station ($) $                           154,250 $                                          444,835 $                                                       339,245 
Cost of indoor space ($) $                                6,000 $                                               6,000 $                                                               480 
Cost of outdoor space ($) $                                       - $                                                      - $                                                            6,000 
Cost of ventilation ($) $                                9,500 $                                               9,500 $                                                                  - 
Cost of emergency infrastructure ($) $                                   675 $                                                  675 $                                                               675 
 
 Lead-acid battery MHE Lithium-ion battery MHE Fuel cell MHE 
Total annual cost of MHE facility $                        1,630,239 $                                       1,005,557 $                                                       982,969 
Cost of battery station software ($) $                                1,000 $                                               1,000 $                                                                  - 
Cost of personal protect equipment ($) $                                   500 $                                                  500 $                                                               500 
Cost of emergency Infrastructure maintenance ($) $                                       - $                                                      - $                                                                  - 
Cost of maintenance ($) $                           493,335 $                                          351,167 $                                                       416,712 
Truck maintenance ($) $                           262,200 $                                          262,200 $                                                       270,480 
Battery/fuel cell power unit maintenance ($) $                           205,485 $                                                      - $                                                       146,232 
Charging/refueling station maintenance ($) $                              25,650 $                                             88,967 $                                                                  - 
Cost of Floor Retreatment $                                   635 $                                                      - $                                                                  - 
Cost of Paperwork Associate $                                2,800 $                                               1,400 $                                                                  - 
Cost of electricity/hydrogen ($) $                           320,574 $                                          286,631 $                                                       565,757 
Cost of battery room labor ($) $                           811,395 $                                          364,859 $                                                                  - 
 
 Lead acid battery fleet  
Year Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
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0 $                            - $               3,728,955  $               3,728,955  
1 $              1,509,481 $                             - $                         - $               5,238,436 1485673 
2 $              1,397,667 $                             - $                         - $               6,636,103 2897241 
3 $              1,294,136 $                             - $                         - $               7,930,239 4234702 
4 $              1,198,274 $                             - $              869,930 $               9,998,443 5498057 
5 $              1,109,513 $                             - $                         - $            11,107,956 6983730 
6 $              1,027,327 $                             - $                         - $            12,135,283 8395298 
7 $                 951,229 $                             - $                         - $            13,086,512 9732759 
8 $                 880,767 $                             - $              639,424 $            14,606,704 10996114 
9 $                 815,525 $                             - $                         - $            15,422,229 12481787 
10 $                 755,116 $                             - $                         - $            16,177,345 13893355 
11 $                 699,182 $                             - $                         - $            16,876,527 15230816 
12 $                 647,390 $                             - $              469,996 $            17,993,913 16494171 
13 $                 599,435 $                             - $                         - $            18,593,349 17979844 
14 $                 555,033 $                             - $                         - $            19,148,382 19391411 
15 $                 513,919 $                             - $                         - $            19,662,301 20728873 
16 $                 475,851 $                             - $              345,461 $            20,483,613 21992228 
17 $                 440,603 $                             - $                         - $            20,924,216 23477901 
18 $                 407,966 $                             - $                         - $            21,332,182 24889468 
19 $                 377,746 $                             - $                         - $            21,709,928 26226930 
20 $                 349,765 $                             - $              253,924 $            22,313,617 27490285 
 
281 
Lithium ion battery fleet  
Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
$                         - $               6,641,535  $               6,641,535  
$              931,071 $                             - $                         - $               7,572,606 1488452 
$              862,103 $                             - $                         - $               8,434,710 2908354 
$              798,244 $                             - $                         - $               9,232,953 4259707 
$              739,115 $                             - $           2,797,174 $            12,769,242 5542510 
$              684,365 $                             - $                         - $            13,453,608 7030962 
$              633,672 $                             - $                         - $            14,087,279 8450864 
$              586,733 $                             - $                         - $            14,674,012 9802217 
$              543,271 $                             - $           2,056,007 $            17,273,290 11085020 
$              503,029 $                             - $                         - $            17,776,319 12573471 
$              465,768 $                             - $                         - $            18,242,087 13993374 
$              431,266 $                             - $                         - $            18,673,353 15344726 
$              399,321 $                             - $           1,511,226 $            20,583,900 16627530 
$              369,741 $                             - $                         - $            20,953,641 18115981 
$              342,353 $                             - $                         - $            21,295,994 19535884 
$              316,994 $                             - $                         - $            21,612,988 20887236 
$              293,513 $                             - $           1,110,796 $            23,017,297 22170040 
$              271,771 $                             - $                         - $            23,289,068 23658491 
$              251,640 $                             - $                         - $            23,540,707 25078394 
$              233,000 $                             - $                         - $            23,773,707 26429746 
282 
$              215,740 $                             - $              816,469 $            24,805,916 27712550 
 
Fuel cell battery fleet  
Annual cost capital cost(2 packs) capital cost （3packs） Total cost Total energy delivered 
$                         - $               5,070,300  $               5,070,300  
$              910,157 $                             - $                      - $               5,980,457 1504385 
$              842,738 $                             - $                      - $               6,823,195 2972088 
$              780,313 $                             - $                      - $               7,603,507 4403108 
$              722,512 $                             - $        1,612,067 $               9,938,087 5797445 
$              668,992 $                             - $                      - $            10,607,079 7301830 
$              619,437 $                             - $                      - $            11,226,516 8769533 
$              573,553 $                             - $                      - $            11,800,070 10200553 
$              531,068 $                             - $        1,184,918 $            13,516,055 11594891 
$              491,729 $                             - $                      - $            14,007,784 13099276 
$              455,305 $                             - $                      - $            14,463,089 14566978 
$              421,579 $                             - $                      - $            14,884,668 15997998 
$              390,351 $                             - $           870,950 $            16,145,969 17392336 
$              361,436 $                             - $                      - $            16,507,404 18896721 
$              334,663 $                             - $                      - $            16,842,067 20364423 
$              309,873 $                             - $                      - $            17,151,940 21795444 
$              286,919 $                             - $           640,174 $            18,079,034 23189781 
$              265,666 $                             - $                      - $            18,344,700 24694166 
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$              245,987 $                             - $                      - $            18,590,687 26161869 
$              227,766 $                             - $                      - $            18,818,453 27592889 
$              210,894 $                             - $           470,547 $            19,499,894 28987226 
 
